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Be It Known, That whereas Alpheus Hyatt, William Sanford Stevens, 
William T. Sedgwick, Edward G. Gardiner, Susan Minns, Charles Sedg- 
wick Minot, Samuel Wells, William G. Farlow, Anna D. Phillips and B. 
H. Van Vleck have associated themselves with the intention of forming 
a Corporation under the name of the Marine Biological Laboratory, for 
the purpose of establishing and maintaining a laboratory or station for scien- 
tific study and investigation, and a school for instruction in biology and 
natural history, and have complied with the provisions of the statutes of this 
Commonwealth in such case made and provided, as appears from the cer- 
tificate of the President, Treasurer, and Trustees of said Corporation, duly 
approved by the Commissioner of Corporations, and recorded in this office; 

Now, therefore, I, Henry B. Pierce, Secretary of the Commonwealth 
of Massachusetts, do hereby certify that said A. Hyatt, W. S. Stevens, 
W. T. Sedgwick, E. G. Gardiner, S. Minns, C. S. Minot, S. Wells, W. 
G. Farlow, A. D. Phillips, and B. H. Van Vleck, their associates and suc- 
cessors, are legally organized and established as, and are hereby made, an 
existing Corporation, under the name of the MARINE BIOLOGICAL 
LABORATORY, with the powers, rights, and privileges, and subject to 
the limitations, duties, and restrictions, which by law appertain thereto. 

Witness my official signature hereunto subscribed, and the seal of the 
Commonwealth of Massachusetts hereunto affixed, this twentieth day of 
March, in the year of our Lord One Thousand Eight Hundred and Eighty- 
Eight. 
[SEAL] 

HENRY B. PIERCE, 

Secretary of the Commonwealth. 


Ill. BY-LAWS OF THE CORPORATION OF THE MARINE 
BIOLOGICAL LABORATORY 


I. The annual meeting of the members shall be held on the second 
Tuesday in August, at the Laboratory, in Woods Hole, Mass., at 12 o’clock 
noon, in each year, and at such meeting the members shall choose by ballot 
a Treasurer and a Clerk to serve one year, and eight Trustees to serve 
four years. There shall be thirty-two Trustees thus chosen divided into 
four classes, each to serve four years, and in addition there shall be two 
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groups of Trustees as follows: (a) Trustees ex officio, who shall be the 
President of the Corporation, the Director of the Laboratory, the Associate 
Director, the Treasurer and the Clerk: (b) Trustees Emeriti, who shall be 
elected from the Trustees by the Corporation. Any regular Trustee who 
has attained the age of seventy years shall continue to serve as Trustee 
until the next annual meeting of the Corporation, whereupon his office as 
regular Trustee shall become vacant and be filled by election by the Cor- 
poration and he shall become eligible for election as Trustee Emeritus for 
life. The Trustees ex officio and Emeriti shall each have the same right 
to vote as the regular Trustees. 

The Trustees and officers shall hold their respective offices until their 
successors are chosen and have qualified in their stead. 

II. Special meetings of the members may be called by the Trustees to 
be held in Boston or in Woods Hole at such time and place as may be 
designated. 

III. The Clerk shall give notice of meetings of the members by pub- 
lication in some daily newspaper published in Boston at least fifteen days 
before such meeting, and in case of a special meeting the notice shall state 
the purpose for which it is called. 

IV. Twenty-five members shall constitute a quorum at any meeting. 

V. The Trustees shall have the control and management of the affairs 
of the Corporation; they shall present a report of its condition at every 
annual meeting; they shall elect one of their number President of the Cor- 
poration who shall also be Chairman of the Board of Trustees; they shall 
appoint a Director of the Laboratory ; and they may choose such other officers 
and agents as they may think best; they may fix the compensation and 
define the duties of all the officers and agents; and may remove them, or 
any of them, except those chosen by the members, at any time; they may 
fill vacancies occurring in any manner in their own number or in any of 
the offices. They shall from time to time elect members to the Corporation 
upon such terms and conditions as they may think best. 

VI. Meetings of the Trustees shall be called by the President, or by 
any two Trustees, and the Secretary shall give notice thereof by written 
or printed notice sent to each Trustee by mail, postpaid. Seven Trustees 
shall constitute a quorum for the transaction of business. The Board of 
Trustees shall have power to choose an Executive Committee from their 
own number, and to delegate to such Committee such of their own powers 
as they may deem expedient. 

VII. The accounts of the Treasurer shall be audited annually by a 
certified public accountant. 

VIII. The consent of every Trustee shall be necessary to dissolution 
of the Marine Biological Laboratory. In case of dissolution, the property 
shall be disposed of in such manner and upon such terms as shall be de- 
termined by the affirmative vote of two-thirds of the Board of Trustees. 

IX. These By-laws may be altered at any meeting of the Trustees, pro- 
vided that the notice of such meeting shall state that an alteration of the 
By-laws will be acted upon. 

X. Any member in good standing may vote at any meeting, either in 
person or by proxy duly executed. 
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THE REPORT OF THE TREASURER 
To THE TRUSTEES OF THE MARINE BIoLoGicAL LABORATORY: 


Gentlemen: Herewith is submitted my report as Treasurer of the 
Marine Biological Laboratory. 

The accounts have been audited by Seamans, Stetson and Tuttle, 
certified public accountants. A copy of their report is on file at the 
Laboratory and is open to inspection by members of the Corporation. 

The book value of the General Endowment Fund in the hands 
of the Central Hanover Bank and Trust Company (of New York) 
as Trustees, was $908,145 in securities and $804.50 in cash. 

A new trust known as the Library Endowment Fund was created 
by the gift on December 14th, of $200,000 from the General Education 
Board, and is also in the hands of the Central Hanover Bank and 
Trust Company. At the end of the year it was invested in bonds to 
the extent of $80,865 and the cash balance was $119,135. This was 
shortly thereafter invested to yield about five per cent (5%). 

At the end of the year the Lucretia Crocker Fund consisted of 
securities of the book value of $4,442.46 and cash of $537.20. 

The Ida H. Hyde Scholarship Fund, which consisted of $2,000 in 
a mortgage participation and interest, has been, with the consent of 
all parties, returned to Dr. Hyde, who has turned the Fund over to 
the University of Kansas for the benefit of whose students the Fund 
was established. 

The Bio Club Scholarship Fund consisted of a $2,000 participation 
in a mortgage and cash of $23.28, and the Reynold A. Spaeth Memorial 
Lecture Fund consisted of a $3,000 participation in a mortgage and 
cash of $1.83. 

The Retirement Fund at the end of the year consisted of $13,000 
in mortgage participations and cash of $14.27. The income is approx- 
imately $650, the annual addition (5% of the permanent annual pay- 
roll) amounts to about $2,600 and the pension payments now authorized 
are at the rate of $720 annually. 

The land, building, equipment and library, excluding the Devil’s 
Lane and Gansett property, represented an investment of $1,600,352.93 
less depreciation of $208,722.91—or a net amount of $1,391,630.02. 
Current income for the year was exceeded by expenditures including 
depreciation by $855.33. 

Over $20,000 was expended from current funds on buildings, equip- 
ment, books and reduction of mortgages. 





At the end of the year the Laboratory owed less than $1,500 in 
accounts payable, and $27,000 on mortgages. 
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Following is the Balance Sheet at the end of the year, and the 
condensed statement of income and outgo for the year, also the surplus 
account. 


EXHIBIT A 
MarINE BIOLOGICAL LABORATORY BALANCE SHEET, 


DeEcEMBER 31, 1929 


Assets 
Endowment Assets and Equities: 
Securities and Cash in Hands of Central Hanover 
Bank & Trust Company (of New York) 
Trustee—Schedules I-a and I-b $1,108,949.50 
Securities and Cash—Minor Funds— 
Schedule II 12,049.77. $1,120,999.27 


Plant Assets: 
Land—Schedule IV $ 115,553.05 
Buildings—Schedule IV 1,206,242.06 
Equipment—Schedule IV 149,958.05 
Library—Schedule IV 128,599.77 $1,600,352.93 


Less Reserve for Depreciation 208,722.91 


$1,391,630.02 
Cash in Dormitory Building Funds .............. 1,451.76 $1,393,081.78 
Current Assets: 
17,144.45 
Accounts—Receivable 17,648.13 
Inventories : 
Supply Department 35,850.39 
Biological Bulletin 7,461.00 43,311.39 


Investments : 
Devil’s Lane Property 36,260.01 
Gansett Property 2,076.30 
Stock in General Biological 
Supply House, Inc. .......... 12,700.00 
Retirement Fund Assets 13,014.27 64,050.58 


Prepaid Insurance 3,986.80 
Items in Suspense 146,397.77 


Liabilities 
Endowment Funds: 
General Endowment Funds—Schedule III $1,108,949.50 
Minor Endowment Funds—Schedule III 12,049.77 $1,120,999.27 


Plant Funds: 
Donations and Gifts—Schedule III $1,019,840.41 
Other Investments in Plant from Gifts and Cur- 
rent Funds 


$1,391,081.78 
Mortgage, Danchakoff Estate 2,000.00 $1,393,081.78 
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Current Liabilities and Surplus: 
Mortgage, Devil’s Lane Property 
Accounts—Payable 


$ 26,464.48 
Current Surplus—Exhibit C 119,933.29 146,397.77 


EXHIBIT B 
MaRINE BIOLOGICAL LABORATORY INCOME AND EXPENSE. 
YEAR ENDED DECEMBER 31, 1929 


Total Net 
Expense Income Expense Income 
Income, General 

Endowment Fund $ 46,549.09 $ 46,549.09 
Income, Fund for Library, etc. 793.95 4,582.20 3,788.25 
Gifts (See Current Surplus) 

Instruction 7,560.82 9,400.00 1,839.18 
Research 4,073.91 16,625.00 12,551.09 
Biological Bulletin and Member- 

ship Dues 6,288.58 8,025.93 1,737.35 
Supply Department— 

Schedule V 52,611.28 62,056.83 9,445.55 
Mess, Schedule VI 33,038.05 34,581.67 1,543.62 
Dormitories, Schedule VII .... 31,386.60 13,754.81 17,631.79 

(Interest and Depreciation 

charged to above _ three 

Depts. See Schedules V, 

VI, and VII) 35,366.31 35,366.31 
Dividends on Stock, General Bi- 

ological Supply House, Inc. .. 2,540.00 2,540.00 
Rent, Danchakoff Cottages .... 430.53 900.00 469.47 
Rent, Microscopes 335.00 335.00 
Rent, Garage, Railway, etc. .. 163.90 163.90 
Rent, Newman Cottage 157.03 150.00 
Sale of Duplicate Library Sets 475.00 475.00 
Interest on Bank Balances .... 267.63 267.63 
Sundry Items 1.85 1.85 
Maintenance of Plant: 

New Laboratory Expense .... 15,234.18 15,234.18 

Maintenance, Buildings and 

PENG cudencscnab.ncee 10,399.72 10,399.72 

Chemical and Special Ap- 

paratus 9,144.10 9,144.10 
Library Department Expenses 8,894.07 8,894.07 
Carpenter Department Ex- 

penses 1,587.80 1,587.80 

Truck Expenses 800.47 800.47 

Sundry Expenses 148.18 148.18 

Bar Neck Property Expenses 381.00 381.00 

Evening Lectures 120.09 120.09 
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Workmen's Compensation In- 
surance 598.23 598.23 
Janitor’s House 289.42 289.42 
Pumping Station 267.49 267.49 
General Expenses : 
Administration Expenses .... 13,649.48 3,649.48 
Interest on Loans 259.00 259.00 
Endowment Trust Fund .... 787.50 787.50 
Bad Debts 523.96 
Contribution for Research, 

Naples Zoological Station .. 250.00 250.00 
Reserve for Depreciation .... 36,955.11 36,955.11 
Excess of Expense over Income 

carried to Current Surplus— 
SINS: ccna cGackssvnane 


523.96 


855.33 855.33 





$201,264.24 $201,264.24 $117,928.62 $117,928.62 


EXHIBIT C 
MariInE BioLocicAL LABoRATORY, CURRENT SURPLUS ACCOUNT 


YEAR ENDED DECEMBER 31, 1929 


Balance, January 1, 1929 
Add: 
Gifts Received 
From General Education Board for Purchase of Books for 
Library 
From Dr. Frank R. Lillie for Grading, Planting Walks, etc., 
around Laboratory Buildings 1,950.00 
Income from Retirement Fund 305.04 
Reserve for Depreciation charged to Plant Funds 36,955.11 


$100,637.23 


10,009.00 


$149,847.38 
Deduct : 
Payments from Current Funds during Year for Plant Assets 
as shown in Schedule IV, 
Buildings $ 1,094.23 
Equipment 5,638.67 
I Oo 555556 0654 6hnss bnboncaeese 9,218.54 
$15,951.44 
Payments from above Gifts charged to Plant Assets, 
General Education Board, Purchase of Books .. 6,657.32 
Dr. Frank R. Lillie, Grading, etc. .............. 1,950.00 
Payments on Mortgages, 
Danchakoff Estate 4,500.00 
Balance of Income-and-Expense Account— 
Exhibit B 855.3: 29,914.09 


Balance, December 31, 1929—-Exhibit A $119,933.29 
Respectfully submitted, 
LAWRASON RIGGS, JR.. 


Treasurer. 
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THE REPORT OF THE LIBRARIAN 




















The close of the year 1929 marks a new period for the Library. 
The $50,000 presented by the General Education Board has become 
an integral part of the Library in the form of serial and monograph 
sets. A Library Endowment Fund of $200,000 by the same donor 
has been invested by the Treasurer of the Laboratory, the interest to 
form part of the annual Library budget. Besides this, and for the 
year 1929, a sum of $4,582.20, interest accumulated between the gift 
date and the actual transfer to the Laboratory, is now practically cov- 
ered by outstanding orders. 

With a steady income assured by this endowment fund, it becomes 
possible to plan a yearly budget, proportioned approximately as follows: 
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The most notable feature brought out in contrast to past years is 
that current serials heretofore confined strictly to the Laboratory budget 
and not benefited by the special gift of the General Education Board 
will now share largely in the interest from the permanent endowment, 
and will form a total item of expenditure just about equal each year 
to the sum spent on back sets. 

For convenience of future reference, etc., we would like to print 
here our full report of expenditures of the $50,000 gift just as these 
were reported each of the four years to the General Education Board. 
But the score of pages entailed scarcely justifies this procedure and 
the list may be consulted at any time in the Library files. 

Besides that part of the above-mentioned figures for 1929, the ex- 
penditures: Books, $300.43; Serials, $4,787.19; Binding, $1,232.36; 
Express, $253.23; Supplies, $558.34; Salaries, $8124.18; total, $15,- 
253.73, show an overrun of the budget ($14,000) amounting to $1,- 
253.73, in accordance with the expected (see Report of the Library, 
1927 and 1928). A sum of $929 from the sale of accumulated dupli- 
cates, etc., almost covers this and eventually (early in 1930), the Library 
will cancel the remaining deficit by the same means. 

The Library starts on its new period with 23,455 bound serials; 
4,855 books; and 58,658 reprints. A comparison with the 1928 report 
will give the 1929 actual figures of accretion. The serials now show 
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1,537 titles; of these 985 are received currently: 322 by subscription; 
420 by exchange ; and 253 by gift. 


The Librarian wishes to acknowledge in the name of the Marine 
Biological Laboratory the following gifts to the Library: 

From the authors: Addison, W. H. F. (Editor): Piersol’s Normal 
Histology; Conn, H. J.: Biological Stains; Correns, Carl: Gesammelte 
Abhandlungen sur V ererbungswissenschaft aus Periodischen Schriften, 
1899-1924; Goldschmidt, Richard: Der Mendelismus, in Elementarer 
Darstellung; Hance, Robert T.: The Machines We Are; Heilbrunn, 
L. V.: The Colloid Chemistry of Protoplasm; Lumiére, Auguste: Le 
Cancer, Maladie des Cicatrices; Lumiere, Auguste: Le Probléme de 
l’Anaphylaxie; Lumiere, Auguste: La Vie, la Maladie et la Mort; Pat- 
ten, Bradley M.: The Early Embryology of the Chick ; Schafer, Edward 
Sharpey: History of the Physiological Society during its First Fifty 
Years, 1876-1926 ; Whiting, P. W.: A Series of Eight Radio Talks on 
Heredity and Human Problems ; Williams, Samuel Howard: The Mam- 
mals of Pennsylvania; Woodruff, Lorande L.: Foundations of Biology. 

From the publishers : 

Bailli¢re, Tindall & Cox; Gaskell, Augusta: What is Life? 

Thos. Y. Crowell Co.; Papez, James W.: Comparative Neurology: 
Wheeler, Raymond H.: The Science of Psychology. 

Ginn and Co.; Edison, Oskar E. and Norris, F. W.: Electrical 
Engineering Laboratory Practice; Pierce, B. O.: Short Tables of 
Integrals. 

Harvard University Press; Banks, Nathan and Myers, J. G.: Siud- 
ies on Cuban Insects, I. 

Paul B. Hoeber; Gross, Louis: The Blood Supply to the Heart; 
McClung, C. E. (Editor): Handbook of Microscopical Technique ; 
Roth, Irving R.: Cardiac Arrhythmias; Stone, Willard J.: Blood Chem- 
istry, Colorimetric Methods; Wright, Wilhelmine G.: Muscle Function. 

Johns Hopkins Press; Camerson, Jenks: The Bureau of Biological 
Survey; Powell, Fred W.: The Bureau of Plant Industry. 

Alfred A. Knopf, Inc.; Knickerbocker, Wm. S. (Editor) : Classics 
of Modern Science; Nordenskiold, Erik: The History of Biology; 
Wheeler, Wm. M.: Foibles of Insects and Men. 

Lea & Febiger ; Faust, Ernest Caroll: Human Helminthology ; Kuntz, 
Albert: The Autonomic Nervous System. 

McGraw-Hill Book Co.; Babcock, Ernest B. and Collins, J. L.: 
Genetics, Laboratory Manual; Daniels, F.: Mathematical Preparation 
for Physical Chemistry ; Gaumann, Ernst A.: Comparative Morphology 
of Fungi; Goodwin, H. M.: Precision of Measurements and Graph- 
ical Methods; Joffe, Abram F.: Physics of Crystals; Knowlton, A. A.: 
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Physics for College Students; Metcalf, C. L. and Flint, W. P.: De- 
structive and Useful Insects; Their Habits and Control; Richtmyer, 
F. K.: Introduction to Modern Physics; Weaver, John E. and Bruner, 
Wm. E.: Root Development of Vegetable Crops; Weiser, Harry B.: 
The Colloidal Salts. 

Macmillan Co.; Carpenter, Kathleen E.: Life in Inland Waters 
with Especial Reference to Animals; Coghill, G. E.: Anatomy and the 
Problem of Behaviour; Darwin, Charles: The Origin of Species; 
deBeer, G. R.: Vertebrate Zoology; Holmes, Samuel J.: The Biology 
of the Frog; Lindsey, Arthur Ward: Textbook of Evolution and Gen- 
etics; Walter, H. E.: Biology of the Vertebrates; Walter, H. E.: Gen- 
etics; Washburn, M. F.: Animal Mind. 

Wm. Morrow & Co.; Stanford, Alfred: /nvitation to Danger. 

Museo Nacional de Ciencias National, Madrid: Lozano, Luis Rey: 
Peces (Fauna Ibérica), vol. 1. 

G. P. Putnam’s Son, Ltd.; Anthony, H. E.: The Field Book of 
North American Mammals; Breder, Charles M., Jr.: Field Book of 
Marine Fishes of the Atlantic Coast. 

W. B. Saunders Co.; Dorland, W. A. Newman: The American II- 
lustrated Medical Dictionary; Granger, Frank Butler: Physical Thera- 
peutic Technic; Jordan, Edwin O.: A Text-book of General Bacteri- 
ology ; Lusk, Graham: The Elements of the Science of Nutrition; Stiles, 
Percy G.: Human Physiology; Willius, Frederick A.: Clinical Electro- 
cardiograms, Their Interpretation and Significance. 

Smith College; Funkhouser, W. D.: General Catalogue of the He- 
miptera, Fasc. I. 

Charles C. Thomas, Publisher; Ewing, Henry Ellsworth: 4 Manual 
of External Parasites; Friedmann, Herbert: The Cowbirds; Needham, 
James G.: Elementary Lessons on Insects; Needham, James G. and 
Heywood, H. B.: A Handbook of the Dragonflies of North America. 

University of California Press: Daniel, J. Frank: The Elasmobranch 
Fishes; Grinnell, Joseph & Storer, T. I.: Animal Life in the Yosemite; 
Grinnell, Joseph; Brayant, H. C., and Storer, T. I.: The Game Birds 
of California; Russell, E. J.: Plant Nutrition and Crop Production. 

University of Chicago Press; Choulant, Ludwig: History and Bib- 
liography of Anatomy Illustration; Michelson, A. A.: Studies in Optics; 
Morse, Jared Kirtland: Bibliography of Crystal Structure; Ornstein, 
Martha; The Réle of Scientific Societies in the Seventeenth Century. 

University of Colorado Press; Cockerell, T. D. A.: Zodlogy of 
Colorado; George, R. D.: Geology and Natural Resources of Colorado; 
Ramaley, F.: Colorado Plant Life. 

D. Van Nostrand Co.; Robbins, Wm. J. and Rickett, Harold W.: 
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Botany, a Textbook for College and University Students; Robbins, 
W. J. and Rickett, Harold W.: Laboratory Instructions for General 
Botany. 

Victor X-Ray Corporation; Jerman: Modern X-Ray Technic. 

John Wiley & Sons; Pearse, A. S. and Hall, F. G.: Homoiothermism 
the Origin of Warm-Blooded Vertebrates; Shumway, Waldo: V erte- 
brate Embryology. 

Williams and Wilkins Co.; Bailey, Vernon: Animal Life of the 
Carlsbad Cavern; Brasch, Frederick E.: Sir Isaac Newton, 1727-1927; 
Brouwer, B.: Anatomical, Phylogenetical and Clinical Studies on the 
Central Nervous System. 

Wisconsin Academy of Science; Baker, Frank C.: Fresh Water 
Mollusca of Wisconsin. 

William Wood & Co.; Bailey, R. B. and Miller, A. M.: Textbook 
of Embryology; Stedman: Medical Dictionary. 

Yale University Press; Brown, William: Science and Personality; 
Chittenden, Russell H.: History of the Sheffield Science School of 
Yale University, 1846-1922; Crawford, Albert Beecher: /ncentives 
to Study ; Eddington, A. S.: Stars and Atoms; Henderson, L. J.: Blood, 
A Study in General Physiology; Henderson, Yandell and Davie, M. 
R.: Incomes and Living Costs of a University Faculty; Krogh, Au- 
gust: Anatomy and Phsyiology of Capillaries; Millikan, Robert A.: 
tvolution in Science and Religion; Morgan, Thomas Hunt: The 
Theory of the Gene; Peake, Harold and Fleure, Herbert John: The 
Corridors of Time, I-V ; Robbins, Wm. Jacob and Samuel Brody, et 
al: Growth; Sumner, W. G. and Keller, A. G.: The Science of Society; 
Wilm, E. C.: The Theories of Instinct; Wilson, Edmund B.: The 
Physical Basis of Life. 

The Library also desires to acknowledge the gift of two hundred 
reprints from Dr. H. McE. Knower; papers from Dr. Fauré-Fremiet, 
which include the works of Balbianai, Henneguy, Thelohon, Lecauller, 
and Loyez; and a collection of 131 books from Mr. Ware Cattell; also 
a collection of reprints on Tunicates and Ascidians, from Dr. Harold 
S. Colton. 


VI. THE REPORT OF THE DIRECTOR 


To THE TRUSTEES OF THE MARINE BIOLOGICAL LABORATORY: 


Gentlemen: I beg to submit herewith a report of the forty-second 
session of the Marine Biological Laboratory for the year 1929. 

1. Attendance. An inspection of the Tabular View of Attendance 
for the years 1925 to 1929, inclusive, on page 33 will show that since 
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1927, when crowding of the laboratory buildings and particularly of 
the Mess during the middle of the summer first became a serious prob- 
lem, there have been no great changes in the total attendance, the 
figures for 1927, 1928 and 1929 for investigators and students together 
being respectively, 434, 454 and 444. It may be noted, however, that 
although the total for 1929 was slightly less than that for 1928, there 
was at the same time an increase of 6 in the number of investigators 
over the previous high record of 323 in 1928. The experience of 
the past three years indicates that with the present facilities of the 
Laboratory a materially increased registration will be impossible in 
the future without an extension of the active season on one or both 
sides of the present crowded period covering chiefly the months of 
July and August. How to bring about such an extension is a problem 
the solution of which will call for the cooperation of all of the workers 
associated with the Laboratory. 

While the total attendance for 1929 was approximately the same 
as that for 1928, a considerable improvement in the distribution of the 
attendance was brought about during the year covered by this report 
by a re-arrangement of the courses of instruction in such a way as to 
spread them over a period of twelve weeks instead of six as in the 
past. In 1929 the courses in Botany, Embryology and Physiology were 
given between June 19 and July 30 inclusive and those in Invertebrate 
Zoology and Protozodlogy between August 1 and September 11, in- 
clusive. Not only did this arrangement reduce the number of stu- 
dents in attendance at any one time during the crowded season, but it 
tended to emphasize to members of the teaching staffs and to others 
the desirability of making August 1 a point of division of the season 
for those unable to be in attendance during the entire summer. An 
additional advantage of the new arrangement was the freeing of one 


of the large classrooms and its conversion into nine private laboratories 
of a desirable type not previously available for investigators. 

The results of this change are most strikingly shown by the follow- 
ing figures for attendance at the Mess on selected days for 1928 and 
1929. 


1928 1929 

May ; 0 
June 73 
" 228 
304 

July 386 
, 387 
386 
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431 
401 

357 

234 

68 

0 

[t will be noted that the sharp peak which characterized the Mess 
attendance for 1928 and to a somewhat lesser extent that for previous 
vears is greatly flattened in 1929. It may be mentioned that the re- 
duction of more than 11 per cent in the maximum daily attendance 
(438 on August 7 in 1929 as compared with 495 on July 14, 1928) 
was accomplished in spite of an increase of 7 per cent in the total 
number of meals served during the season (33,633 in 1929 as compared 
with 31,555 in 1928). Furthermore, in 1929 the length of the period 
during which more than 400 persons were served daily was only 22 
days, while in 1928 it was 40 days. It is believed that some slight 
disadvantages of the new arrangement of the courses are more than 
compensated for by the reduction in crowding indicated by the above 
figures. 

That the new arrangement of the courses was also not without 
an effect on the distribution of the attendance by investigators is 
shown by the following figures for four months each of the three 
years, 1927, 1928 and 1929, which indicate very clearly a flattening 
and a spreading of the undesirable peak of attendance for the year 
last mentioned : 

1928 1929 

May : 15 9 
June : 64 55 
54 140 139 
240 197 

July 281 238 
= 282 242 
272 249 

August 250 256 
m 226 243 
183 220 

September 112 157 
7 43 59 

14 14 

2. The Report of the Treasurer. This report shows an increase 
in the total assets of the Laboratory from $2,451,630.65 in 1928 to 
$2,660,478.82 in 1929, the greater part of this increase being due to 


the addition to the endowment of the Laboratory of a generous gift 
of $200,000 for the support of the library, from the General Edu- 
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cation Board. The total income for the year was slightly less than 
that for 1928, namely, $200,408.91 as compared with $202.825.09; but, 
as the expenditures decreased to an even greater extent, the excess of 
expenditures over income, after allowing for depreciation, was $855.33 
in 1929, as compared with $2,715.71 in 1928. During the past year 
the mortgage obligations of the Laboratory were reduced by $4,500, 
leaving an amount still outstanding of $27,000. The steady progress 
made during the past five years in the payment of mortgages is in- 
dicated by the following figures representing the amounts so owed at 
the close of each of the years, 1925 to 1929, inclusive: 


ie awcrkuvtew clink sawacaktcn es os see ene $54,030.01 
SN par aily« ccinnh phen ceseow sada ween ounmew aides 44,500.00 
SE is cae hao hauls oS ae eae eeu wee sees 42,500.00 
ES twwitdas aud oes askin onaswe neaiecw onsen ah 31,500.00 


DO is sis nob awh ORM eae dine nee EE ee oe 27,000.00 









3. The Report of the Librarian. The past year has shown a con- 
tinuation of the rapid and substantial gains in the usefulness of the 
library made possible by the appropriation of $50,000 by the General 
Education Board in 1926. This appropriation has been paid in un- 
equal annual installments over the past four years as follows: 1926, 
$10,000; 1927, $15,000; 1928, $15,000; and 1929, $10,000. With 
the completion of the gift in 1929 it becomes of interest to tabulate 
the growth of the library during the period in question. 





1925 1926 1927 1928 1929 

Serials received currently 500 628 764 874 985 
Total number of bound 

WORMS Saco sc ccsisen's « 15,000 18,200 22,800 26,500 28.300 

ee. EY 38,000 43,000 51,000 59,000 


It will be noted that the numbers of serials received currently and 
of bound volumes (mostly serials) have almost doubled since 1925, 
while the number of reprints has considerably more than doubled 
So satisfactory has been the progress of the library under the favor- 
able conditions created by the generosity of the General Education 
Board that the new gift from this body of $200,000, noted above, the 
income from which will permit a permanent continuation of the re- 
markable progress of the past four years, is particularly gratifying. 

4. Change in the By-Laws. At the 1928 meeting of the Board 
of Trustees the Executive Committee was instructed to make the 
matter of the constitution of the Board of Trustees a special order 
of business and after a thorough consideration of the matter it re- 
ported as follows at the regular meeting held on August 13, 1929. 
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“The Board of Trustees is practically a self-perpetuating body 
comprising men who have been Trustees for many years and whose 
continued interest and- counsel are essential for the continued well- 
being of the Laboratory. The present policy of re-nominating the 
eight Trustees whose terms expire each year gives little opportunity, 


however, for seeding into the Board young men who are to carry 
on the traditions and management of the Laboratory. Different 
methods were considered for the relief of this situation and the Ex- 
ecutive Committee recommends one such method which is embodied 
in the amendment to the by-laws as stated below. By this method 
the number of Trustees is somewhat increased, not, however, by in- 
creasing the number in each class, but by creating a new group of 
counsellors known as Trustees Emeriti. Such Trustees shall have 
the same rights as other Trustees. Any Trustee upon his seventieth 
birthday will become automatically a candidate for election by the 
Corporation at the next annual meeting as Trustee Emeritus for life. 
By filling the vacancies arising in this way young men can be intro- 
duced into the Board gradually, and at the same time we can honor 
the elder statesmen by electing them to this privileged group. 

“We recommend, therefore, the following by-law as a substitute 
for paragraph I of the present By-laws: 

“* The annual meeting of the members shall be held on the second 
Tuesday in August, at the Laboratory in Woods Hole, Massachusetts, 
at 12 o'clock noon, in each year, and at such meeting the members 
shall choose by ballot a Treasurer and a Clerk to serve one year, and 
eight Trustees to serve four years. There shall be thirty-two Trustees 
thus chosen divided into four classes, each to serve four years and 
in addition there shall be two groups of Trustees as follows: (a) 
Trustees ex officio, who shall be the President of the Corporation, the 
Director of the Laboratory, the Associate Director, the Treasurer and 
the Clerk; (b) Trustees Emeriti, who shall be elected from the Trus- 
tees by the Corporation. Any regular Trustee who has attained the 
age of seventy years shall continue to serve as Trustee until the next 
annual meeting of the Corporation, whereupon his office as regular 
Trustee shall become vacant and be filled by election by the Corporation 
and he shall become eligible for election as Trustee Emeritus for life. 
The Trustees ex officio and Emeriti shall each have the same right 
to vote as the regular Trustees. 

“* The Trustees and officers shall hold their respective offices until 
their successors are chosen and have qualified in their stead.’ ”’ 

Upon motion duly made and seconded and after discussion during 
which it was brought out that similar rights and privileges would be 
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shared by the existing Trustees Emeriti, it was unanimously voted 
to approve and adopt as a substitute for Article I of the current By- 
laws the form as recommended by the Executive Committee. 

5. The Board of Trustees. In accordance with the change in the 
By-laws adopted by the Trustees, it was voted by the Corporation 
at its regular annual meeting to honor by election as Trustees Emeriti 
C. R. Crane, H. H. Donaldson, W. B. Scott and E. B. Wilson. At 
the same meeting H. C. Bradley, R. Chambers, E. N. Harvey, and 
A. C. Redfield were elected to fill the vacancies thus created, while 
I. F. Lewis, R. S. Lillie, E. P. Lyon, C. E. McClung, T. H. Morgan, 
and D. H. Tennent of the Class of 1929 were re-elected as members 
of the Class of 1933. 

6. The Biological Bulletin. In the Report of the Director for 
1928 the enlargement of the Editorial Board of the Biological Bulletin 
by the election of six new members was mentioned. During 1929 
Dr. A. C. Redfield, Assistant Professor of Physiology in the Harvard 
Medical School, was chosen as Managing Editor to succeed Dr. C. R. 
Moore, whose valuable services in this capacity since 1927 will be 
remembered with gratitude by all persons connected with the [ab- 
oratory. Arrangements were made for Dr. Redfield’s management 
of the journal to begin with the first number of Volume LVIII, ap- 
pearing early in 1930. 

7. International Physiological Congress. The summer of 1929 
was a memorable one because of the visits to the Laboratory for periods 
ranging from a few hours to several months of most of the foreign 
physiologists who attended the XIIIth International Physiological 
Congress held in Boston in August of that year. A part of the en- 
tertainment arranged for the foreign members of the Congress was 
a visit to the Marine Biological Laboratory on Saturday, August 24, 
immediately after the conclusion of the Boston meetings. With the 
kind assistance of a number of the summer residents of Woods Hole, 
the Laboratory was able to act as host on that occasion to between 
five and six hundred physiologists and their wives. The local Com- 
mittee, of which W. E. Garrey was Chairman and Selig Hecht Secre- 
tary, and of which the other members were: Mrs. J. Malcolm Forbes, 
E. N. Harvey, F. R. Lillie, M. H. Jacobs, Mrs. E. B. Meigs, A. N. 
Richards and Mrs. J. P. Warbasse, arranged the following program 
for the day: 


12:30 to 1:30 P.M. Arrival and registration of guests followed by lunch 
at the Mess. 

2:00 to 6:00 P.M. (a) Demonstration of the scientific activities of the 
Laboratory and of the U. S. Bureau of Fisheries. 
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(b) Collecting trips on the Cayadetta. 

(c) Sailing trips. 

(d) Bathing. 

(e) Carriage drives on Naushon Island. 

(f) Motion pictures of biological interest. 

(zg) Teas at the M. B. L. Club House, the U. S. 
Bureau of Fisheries and on Naushon Island. 

6:30 P.M. Clam-bake at Gladheim, the residence of Dr. and 

Mrs. J. P. Warbasse, Penzance Point. 


Most of the visitors departed on the night boat for New York; 
but after a stay of some days in that city, and in some cases after 
further travel in the United States and Canada, a considerable number 
returned to Woods Hole, where they were the guests of the Lab- 
oratory for further periods ranging from a few days to several weeks. 
In addition to these visitors, the Laboratory also had the pleasure of 
entertaining for varying lengths of time before the opening of the 
Congress a number of specially invited foreign guests whose presence 
in Woods Hole contributed much to the scientific and the social life 
of the community. 

8. Lectures. The year 1929 was also remarkable for both the 
number and the importance of the evening lectures delivered during 
the summer. This memorable season was made possible by the kind- 
ness of the distinguished foreign visitors who consented to speak on 
various aspects of their own important work. During the period 
between June 21 and September 13, sixteen lectures in all were de- 
livered, twelve of them by visiting foreign scientists, representing 
eight European countries. An examination of the list of lecturers on 
page 34 will show a collection of distinguished names which it will 
be very difficult in the future to equal in any single season. 

Of the lectures given in 1929, two were special memorial lectures. 
These were: The Eighth William Thompson Sedgwick Memorial 
Lecture, delivered on August 16 by Dr. Torsten Thunberg, Professor 
of Physiology, University of Lund, Sweden, and the First Reynold 
A. Spaeth Memorial Lecture, delivered on September 9 by Dr. Rudolf 
Hober, Professor of Physiology, University of Kiel, Germany. 

In addition to the more formal lectures already mentioned, there 
were also held 9 meetings for the presentation and informal discussion 
of shorter scientific papers. The total number of papers presented 
at these meetings was 29; their titles are given on page 35. Since 
meetings of this type appear to fill a real need of the Laboratory, it 
is planned to continue them in future years. 

9. Courses. Under the heading of Attendance there has already 
been mentioned the change in the dates between which the various 
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courses were held in 1929 and the effects of this change in the reduction 
of crowding. It was anticipated that the new arrangement might 
result in a considerable temporary decrease in the number of students 
in attendance, but the actual decrease proved to be much smaller than 
was anticipated and was in part attributable to factors other than 
the times at which the courses. were held. On the whole, the new 
plan was so successful that with certain minor modifications which 
the experience of the past year has shown to be desirable, it will be 
continued in 1930. 

One change in personnel occurred in 1929 in connection with the 
direction of the courses, Dr. M. H. Jacobs retiring from the position 
as head of the Physiology Course which he had held since 1922 and 
Dr. W. R. Amberson being chosen to take his place, beginning in 
1930. There should also be mentioned the very successful direction 
during 1929 of the Embryology Course by Dr. Charles Packard during 
the temporary absence of its Head, Dr. H. B. Goodrich. 

10. Gifts. In addition to the important appropriation received 
from the General Education Board and already mentioned in the 
(liscussion of the reports of the Treasurer and of the Librarian, the 
following additional gifts are gratefully acknowledged: from Dr. 
Frank R. Lillie, $1,950 for beautifying the grounds of the Laboratory ; 
from Professor Henri Fredericq, $200 for scholarships in Physiology, 
to be awarded at the discretion of the Executive Committee; and from 
the ** Collecting Net,” through Mr. Ware Cattell, $500 for scholarships 
to be awarded by a committee consisting of Doctors E. G. Conklin, 
W. E. Garrey and L. L. Woodruff. Further acknowledgment is also 
made, with the thanks of the Laboratory, of gifts to the library, al- 
ready noted in the Report of the Librarian, from Dr. H. McE. Knower, 
Dr. E. Fauré-Fremiet, Mr. Ware Cattell and Dr. H. S. Colton. 

There are appended as parts of this report: 


1. The Staff, 1929. 

2. Investigators and Students, 1929. 

3. A Tabular View of Attendance, 1925-1929. 

4. Subscribing and Cooperating Institutions, 1929. 
5. Evening Lectures, 1929. 

6. Shorter Scientific Papers, 1929. 

7. Members of the Corporation, August, 1929. 
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1. THE STAFF, 1929 


MERKEL H. Jacons, Director, Professor of General Physiology, University 
of Pennsylvania. 
Associate Director: —— 


I. INVESTIGATION 


Gary N. Carxins, Professor of Protozodlogy, Columbia University. 

E. G. Conx.in, Professor of Zodlogy, Princeton University. 

CaswELL Grave, Professor of Zodlogy, Washington University. 

H. S. Jennincs, Professor of Zodlogy, Johns Hopkins University. 

Frank R. Lituie, Professor of Embryology, The University of Chicago. 

C. E. McCune, Professor of Zodlogy, University of Pennsylvania. 

S. O. Mast, Professor of Zodlogy, Johns Hopkins University. 

T. H. Morean, Director of the Biological Laboratory, California Institute 
of Technology. 

G. H. Parker, Professor of Zodlogy, Harvard University. 

E. B. Witson, Professor of Zodlogy, Columbia University. 

LoraAnpvE L. Wooprurr, Professor of Protozodlogy, Yale University. 


II. INSTRUCTION 


J. A. Dawson, Instructor in Zodlogy, Harvard University. 

RupotF Bennitt, Associate Professor of Zoology, University of Missouri. 

T. H. Bissonnette, Professor of Biology, Trinity College. 

E. C. Core, Associate Professor of Biology, Williams College. 

MADELEINE P. Grant, Assistant Professor of Zodlogy, Mount Holyoke 
College. 

E. A. Martin, Assistant Professor of Zoology, College of the City of New 
York. 

O. E. Netsen, Instructor in Zodlogy, University of Pennsylvania. 

A. E. SevertncHaus, Instructor in Zodlogy, Columbia University. 


PROTOZOGLOGY 
I, INVESTIGATION 
(See Zodlogy) 
II, INSTRUCTION 


Gary N. Ca.xins, Professor of Protozodlogy, Columbia University. 
Mary Stuart MacDovucatt, Professor of Zodlogy, Agnes Scott College. 
W. B. Uncer, Assistant Professor of Zodlogy, Dartmouth College. 


EMBRYOLOGY 
I, INVESTIGATION 
(See Zoology) 
II. INSTRUCTION 


Hupsert B. Goopricn, Professor of Biology, Wesleyan University. 
BenyAMin H. Grave, Professor of Biology, De Pauw University. 
LeicGH Hoan ey, Assistant Professor of Zodlogy, Harvard University. 
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CHARLES Packarp, Assistant Professor of Zodlogy, Institute of Cancer 
Research, Columbia University. 

Harotp H. Proucu, Professor of Biology, Amherst College. 

CHar.es G. Rocers, Professor of Comparative Physiology, Oberlin College. 


PHYSIOLOGY 


I. INVESTIGATION 

Harotp C, Brapiey, Professor of Physiological Chemistry, University of 
Wisconsin. 

WALTER E, GaArrey, Professor of Physiology, Vanderbilt University Med- 
ical School. 

Ratpy S. Litiie, Professor of General Physiology, The University of 
Chicago. 

Ausert P. Matuews, Professor of Biochemistry, The University of Cin- 
cinnati. 

II. INSTRUCTION 

MerkeL H. Jacoss, Professor of General Physiology, University of Penn- 
sylvania. 

Wit1amM R. Amserson, Assistant Professor of Physiology, University of 
Pennsylvania. 

Epwin J. Conn, Assistant Professor of Physical Chemistry, Harvard 
University. 

E. Newton Harvey, Professor of Physiology, Princeton University. 

CHARLOTTE Haywoop, Assistant Professor of Physiology, Vassar College. 

Seticg Hecut, Associate Professor of Biophysics, Columbia University. 

Leonor MicuHae is, Resident Lecturer in Medical Research, Johns Hopkins 
University. 

A.FreD C. REDFIELD, Assistant Professor of Physiology, Harvard University. 


BOTANY 


I, INVESTIGATION 


B. M. Ducear, Professor of Physiological and Economic Botany, University 
of Wisconsin. 

C. E. Atten, Professor of Botany, University of Wisconsin. 

S. C. Brooxs, Professor of Zodlogy, University of California. 

Ivey F. Lewis, Professor of Biology, University of Virginia. 

Wo. J. Rossins, Professor of Botany, University of Missouri. 


II, INSTRUCTION 


WILLIAM RANDOLPH TayLor, Professor of Botany, University of Penn- 
sylvania. 

James P. Poors, Professor of Evolution, Dartmouth College. 

Ernet M. Poutton, Leessel Fellow, Yale University. 


LIBRARY 


PriscittA B. Montcomery (Mrs. Thomas H. Montgomery, Jr.), Librarian. 
DeBorAH LAWRENCE, Secretary. 
Hester Ann Brappury, Litt1an F. Briccs, Mary A. Rowan, Assistants. 
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CHEMICAL SUPPLIES 


Oxtver S. Stronc, Professor of Neurology, and Neuro-Histology, Columbia 
University, Chemist. 
APPARATUS ROOM 


SAMUEL E. Ponp, Assistant Professor of Physiology, Medical School, Uni- 
versity of Pennsylvania, Custodian of Apparatus. 


SUPPLY DEPARTMENT 


Georce M. Gray, Curator. A. M. Hirton, Collector. 
Joun: J. VeEpER, Captain. J. McInnis, Collector. 
FE. M. Lewis, Engineer. Mitton B. Gray, Coilector. 
A. W. LeatHers, Head of Shipping 

Department. 


F, M. MacNauGurt, Business Manager. 

Hersert A. Hirton, Superintendent of Buildings and Grounds. 
Tuomas Larkin, Superintendent of Mechanical Department. 
Lester F. Boss, Mechanician. 

Witt1am Hemenway, Carpenter. 

J. D. Granam, Glass-blowing Service. 

A. R. Apcar, Photographic Service. 

Arno_tp H. Bisco, Storekeeper and Head Janitor. 


INVESTIGATORS AND STUDENTS, 1929 
Independent Investigators 


Appison, Witiiam H. F., Professor of Normal Histology and Embryology, 
University of Pennsylvania. 

A.LEN, C. E., Chairman, Division of Biology and Agriculture, National Research 
Council. 

AmBERSON, WILLIAM R., Assistant Professor of Physiology, University of Penn- 
sylvania. 

ARMSTRONG, Puuivip, Instructor in Anatomy, Cornell University Medical College. 

Asuer, Leon, Director, Physiological Institution, Berne, Switzerland. 

AsuHer, Mrs. Leon, Physiological Institution, Berne, Switzerland. 

Austin, Mary L., Instructor in Zodlogy, Wellesley College. 

Barcrort, JosEPpH, Professor of Physiology, Cambridge University, England. 

Barron, E. S. Guzman, Instructor in Medicine, Johns Hopkins University. 

Bartu, L. G., Graduate Student, University of Chicago. 

Berar, K. J., Kaiser Wilhelm Institut fiir Biologie, Berlin-Dahlem, Germany. 

Bennitt, Rupoir, Associate Professor of Zodlogy, University of Missouri. 

Betue, A., Professor, Institut f. Animalische Physiologie, Frankfurt, Germany. 

BicELow, Rosert P., Professor of Zodlogy, Massachusetts Institute of Technology. 

BissonNeETTE, T. Hume, Professor of Biology, Trinity College. 

Brake, Cuartes H., Instructor, Massachusetts Institute of Technology. 

BLANCHARD, KENNETH C., Assistant Professor of Biochemistry, Washington 
Square College, New York University. 

BLUMENTHAL, ReuBen, Graduate Student, University of Pennsylvania. 
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Boropin, Duis Pasadena, California. 

Bowen, Roser. H., Professor of Zodlogy, Cviumbia University. 

Boyp, Greorce H., Professor vi Zoélogy, University of Georgia. 

Braptey, Haroip C., Professor of Physiological Chemistry, University of Wis- 
consin. 

BrEBNER, WILLIAM B., Washington University Medical School. 

BREITENBECHER, J. K., Research Assistant and Lecturer in Zodlogy, McGill Uni- 
versity. 

Brivces, Carvin B., Research Assistant, Carnegie Institution of Washington. 

BRINLEY, FLoyp J., Professor of Physiology, Battle Creek College. 

Brooks, Matitpa M., Research Associate in Biology, University of California. 

BupinctTon, Ropert A., Professor of Zodlogy, Oberlin College. 

Buisset, S1mone, C. R. B. Fellow, University of Pennsylvania. 

ButcHer, Ear, Assistant Professor, Hamilton College. 

Butier, Eimer G., Assistant Professor of Biology, Princeton University. 

Catkins, Gary N., Executive Officer, Department of Zodlogy, Columbia Uni- 
versity. 

CANNAN, Rosert K., Senior Lecturer, University College, London, England. 
CARMICHAEL, Emmett B., Associate Professor and Head of Department of 
Physiological Chemistry, School of Medicine, University of Alabama. 

CaroTHers, E, ELeanor, Lecturer in Zodlogy, University of Pennsylvania. 

Carro__, Pau L., Instructor in Biology, Saint Louis University. 

Carver, G. L., Professor of Biology, Mercer University. 

CattTeLt, McKeen, Assistant Professor of Physiology, Cornell University Medical 
College. 

CATTELL, Ware, Research Fellow in Biophysics, Memorial Hospital. 

CHAMBERS, Ropert, Research Professor of Biology and Chairman of Depart- 
ment of Biology, Washington Square College, New York University. 

CHEMIN, Emme A., Professor, Lycée, Buffon, Paris, France. 

CHENEY, RALPH H., Assistant Professor of Biology, Washington Square College, 
New York University. 

Cuinester, F. E., Professor of Zodlogy, West Virginia University. 

Cuoukg, K. S., Instructor in Anatomy, University of Colorado, School of Medicine. 

Curistiz, JEsseE R., Associate Nematologist, United States Department of Ag- 
riculture. 

CLark, ELeanor L., Investigator, University of Pennsylvania. 

Ciark, Exior R., Professor of Anatomy, University of Pennsylvania. 

Ciowes, G. H. A., Director, The Lilly Research Laboratory, Eli Lilly & Co. 

Cops, N. A., Nematologist, United States Department of Agriculture. 

Cor, WesLey R., Professor of Biology, Yale University. 

ConeENn, Barnett, Associate Professor of Physiological Chemistry, Johns Hopkins 
Medical School. 

Cote, Exvsert C., Associate Professor of Biology, Williams College. 

ConkKLtn, Epwin G., Research Professor of Biology, Princeton University. 

CopeLAND, MAntoN, Professor of Biology, Bowdoin College. 

Cownry, E. V., Professor of Cytology, Washington University Medical School. 

Cow tes, R. P., Associate Professor of Zodlogy, Johns Hopkins University. 

Crass, E. D.. Instructor in Zoédlogy, University of Pennsylvania. 

Curtis, W. C., Professor of Zodlogy, University of Missouri. 

Davis, Everett F., Assistant Plant Physiologist, Virginia Agricultural Experi- 
ment Station. 

Davis, FANNY-FERN Situ, Assistant Plant Physiologist, Virginia Agricultural 
Experiment Station. 

Davis, HALLoweE t, Assistant Professor of Physiology, Harvard University Med- 
ical School. . 
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Dawson, J. A., Instructor in Invertebrate Zodlogy, Harvard University. 

DeCaro, Luici, Assistant, University of Naples, Naples, Italy. 

DoszHANSKyY, THEODOsIUs, Research Fellow, International Education Board. 

Dopps, G. S., Professor of Histology and Embryology, West Virginia University 
Medical School. 

Dotitey, WM. L., Professor of Biology, University of Buffalo. 

DonaLpson, Henry H., Member, Wistar Institute. 

DoNnALpson, Joun C., Associate Professor of Anatomy, University of Pittsburgh. 

Du Bors, Eucene F., Associate Professor of Medicine, Cornell University Med- 
ical College. 

Epwarps, Dayton J., Associate Professor of Physiology, Cornell University 
Medical College. 

Faitia, G., Physicist, Memorial Hospital. 

FAULKNER, GWENDOLENE H., Commonwealth Fund, 1 East 57th Street, New 
York City. 

FRANK, Otto, Director, Physiological Institute, University of Munich, Germany. 

Fauré-Fremiet, E., Professor of Comparative Embryology, Collége de France, 
Paris, France. 

Freperico, HENRI, Professor of Physiology, University of Liége, Belgium. 

FREMONT-SMITH, FRANK, Assistant Professor of Neuropathology, Harvard Uni- 
versity Medical School. 

Fry, Henry J., Associate Professor of Biology, Washington Square College, 
New York University. 

GarpiNER, Mary S., Instructor, Bryn Mawr College. 

Garrey, W. E., Professor of Physiology, Vanderbilt University Medical School. 

GELFAN, SAMUEL, Research Fellow, University of Chicago. 

GLaser, Orto, Professor of Biology, Amherst College. 

Gotprors, A. J., Professor of Biology, College of the City of New York. 

Gorpon, Myron, Hechscher Research Assistant in Animal Biology, Cornell Uni- 
versity. 

Grant, MapveLerne, Assistant Professor, Mount Holyoke College. 

Grave, B. H., Professor of Zodlogy, DePauw University. 

‘Grave, CASWELL, Professor of Zodlogy, Washington University. 

Green, Arpa ALpEN, National Research Fellow in Medicine, Harvard University 
Medical School. 

GropzinskI, Z., Professor, University of Krakow, Poland. 

Grunprest, Harry, Gottsberger Fellow, Columbia University. 

Haun, A., Assistant Professor, Physiological Institute, Munich, Germany 

Hartiine, H. K., National Research Fellow in Medicine, Johns Hopkins Uni- 
versity. 

Harvey, Eruer B., Instructor, Washington Square College, New York University. 

Harvey, E. Newton, Professor of Physiology, Princeton University. 

HausMAN, Sripyt A., Laboratory Assistant in Zodlogy, Wellesley College. 

Haywoop, CHar.otte, Assistant Professor of Physiology, Vassar College. 

Hecut, Sevic, Professor of Biophysics, Columbia University. 

HeILpruNN, L. V., Washington Square College, New York University. 

Hertic, ArtHur T., Medical Student, Harvard University Medical School. 

Hiesarp, Horr, Assistant Professor, Oberlin College. 

Hitt, SAmMue E., Fellow in Zodlogy of National Research Council, Princeton 
University. 

Hrnricus, Marte A., Research Associate in Physiology, University of Chicago. 

Hoaptey, Leicu, Assistant Professor, Harvard University. 

H6ser, JosepHtne, Physiologische Institut der Universitat, Kiel, Germany. 

H6ser, Ruporr, Director der Physiologische Institut der Universitat Kiel, Ger- 
many. 
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Hotmes, Giapys E., Instructor, Western College for Women. 

Howarp, Harvey J., Professor of Ophthalmology, Washington University Med- 
ical School. 

Howe, H. E., Editor, Industrial Engineering Chemistry. 

How Lanp, Ruts B., Associate Professor, Washington Square College, New York 
University. 

Huetrner, Atrrep F., Associate Professor, Washington Square College, New 
York University. 

Hurr, Cray G., Fellow in Tropical Medicine, Harvard University Medical School. 

Irwin, Marian, Associate in the Division of General Physiology, Rockefeller 
Institute for Medical Research. 

Jacoss, M. H., Professor of General Physiology, University of Pennsylvania. 

JENNISON, MARSHALL W., Assistant in Biology, Massachusetts Institute of Tech- 
nology. 

Jouttn, J. M., Associate Professor of Biochemistry, Vanderbiit University Med- 
ical School. 

Joxres, J., Assistant Professor of Biochemistry, The Caroline Institute, Stock- 
holm, Sweden. 

Keere, ANSELM M., Rector and Professor of Biology, St. Norbert College. 

KestNner, Otto, Professor of Physiology, University of Hamburg, Germany. 

Kinprep, JAMEs E., Associate Professor of Histology and Embryology, University 
of Virginia. 

KitcHen, S. F., Special Member, International Health Division, Rockefeller 
Foundation. 

KNOWLTON, FRANK P., Professor of Physiology, Syracuse University, College 
of Medicine. 

Knower, H. McE., Woods Hole, Massachusetts. 

Krocu, Aucust, Professor of Zodphysiology, Laboratory of Zodphysiology, 
Copenhagen University, Copenhagen, Denmark. 

KRUMBHAAR, Epwarp B., Professor of Pathology, University of Pennsylvania. 

Lackey, J. B., Professor of Biology, Southwestern University. 

LANCEFIELD, Donatp E., Associate Professor in Zodlogy, Columbia University. 

LANCEFIELD, Repecca C., Assistant, Rockefeller Institute for Medical Research. 

LANGE, Matuiipe, Professor of Zodlogy, Wheaton College. 

LapicguE, Louis, Directeur, Laboratoire de Physiologie Générale, Sorbonne, 
Paris, France. 

LAPICQUE, MARCELLE, Directeur Adjoint de Laboratoire de Physiologie Générale, 
Sorbonne, Paris, France. 

Lititz, Frank R., Chairman of the Department of Zoélogy, University of Chicago 

Litire, RALPH S., Professor of General Physiology, University of Chicago. 

Loes, Lro, Professor of Pathology, Washington University Medical School. 

Looper, JAMEs B., Associate Professor of Histology and Embryology, University 
of Mississippi. 7 

Luck&, Baxtpurn, Associate Professor of Pathology, University of Pennsylvania. 

Lyncu, RutH SrocxrnG, Instructor in Graduate Zoédlogy, The Johns Hopkins 
University. 

McCiunec, Crarence E., Director, Zodlogical Laboratory, University of Penn- 
sylvania. 

McCutcHeon, Morton, Assistant Professor of Pathology, University of Penn- 
sylvania. 

MacDovucatt, Mary S., Head of Biology Department, Agnes Scott College. 

McG tone, Barterts, Instructor, University of Pennsylvania. 

McGown, RAtpH C., Jr., Instructor in Biology, Amherst College. 

MAcKLINn, CuHartes C., Professor of Anatomy, University of Western Ontario. 

Marstanp, Doucras A., Assistant Professor of Biology, Washington Square 
College, New York University. 
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Martin, Eart A., Assistant Professor, The College of the City of New York. 

Mavor, James W., Professor of Biology, Union College. 

MeENKIN, VALY, Fellow in Medicine, Henry Phipps Institute, University of 
Pennsylvania. 

Metz, Cuartes W., Member of Staff, Department of Genetics, Carnegie In- 
stitution of Washington. 

MicHac is, L., Resident Lecturer, Johns Hopkins University. 

Mitts, CLarence A., Associate Professor of Internal Medicine, University of 
Cincinnati, College of Medicine. 

MorGan, Livian V., California Institute of Technology. 

Morcan, T. H., Director of the Biological Laboratory, California Institute of 
Technology. 

MorcGutis, Sercius, Professor of Biochemistry, University of Nebraska, College 
of Medicine. 

Morris, Heten S., Graduate Student, Columbia University. 

Mutper, Artuur G., Assistant Professor of Physiology, University of Tennessee. 

Murray, Marcaret R., Associate Professor of Physiology, Florida State College 
for Women. 

Nasrit, SAMUEL M., Professor of Biology, Morehouse College. 

NEEDHAM, JosEPH, Senior Demonstrator in Biochemistry, Biochemical Lab- 
oratory, Cambridge University, England. 

NELsEN, Ouin E., Instructor in Zoélogy, University of Pennsylvania. 

Noninez, José F., Assistant Professor of Anatomy, Cornell University Medical 
College. 

NorpMANN, Martin, Privatdozent of Pathology, University of Koln, Koln, 
Germany. 

OsterHout, W. J. V., Member, Rockefeller Institute for Medical Research. 

PackKaArp, CHares, Assistant Professor of Zodlogy, Institute of Cancer Re- 
search, Columbia University. 

Parker, Grorce H., Director, Harvard Zodlogical Laboratory, Harvard Uni- 


versity. 
PARMENTER, CHARLES L., Associate Professor, University of Pennsylvania. 
Payne, Netuie M. C., Scientific Staff, Biological Abstracts, University of 
Pennsylvania. 


Puiturps, Paut L., Assistant Instructor in Anatomy, Cornell University Med- 
ical College. 

Puivpott, Cuartes H., Harris Teachers College. 

PioucH, Harotp H., Professor of Biology, Amherst College. 

Piowe, JANeEt Q., Graduate Student, University of Pennsylvania. 

PoLiisterR, ArtHUR W., Instructor in Zodlogy, Columbia University. 

Ponp, Samuext E., Assistant Professor of Physiology, University of Penn- 
sylvania. 

PooLe, JaAMEs P., Professot of Evolution, Dartmouth College. 

Potter, TRUMAN S., Seymour Coman Fellow, University of Chicago. 

Poutton, Etruer M., Leessel Fellow, Yale University. 

Rarziarr, Ase K., Assistant Instructor, University of Kansas. 

Reprietp, Heren, Assistant in Biology, Washington Square College, New 
York University. 

Reese, Avsert M., Professor of Zodlogy, West Virginia University. 

Renserc, P. B., Assistant, Zodphysiological Laboratory, University of Copen- 
hagen, Denmark. 

pE Rényr, Georce St., Associate Professor of Anatomy, University of Penn- 
sylvania. 

ReEzNikorr, PAu, Instructor in Medicine, Cornell University Medical College. 

RicHarps, Atrrep N., Professor of Pharmacology, University of Pennsylvania. 

Ricwarps, Oscar W., Assistant Professor of Biology, Clark University. 
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Rocers, CHARLES G., Professor of Comparative Physiology, Oberlin College. 

Rucu, Roperts, Assistant in Zodlogy, Columbia University. 

RyLant, Prerre, Professor, Universitat de Bruxelles, Belgium. 

Samojtorr, A., Professor of Physiology, University of Kazau, Russia. 

SayLes, Leonarp P., Instructor in Zodlogy, Tufts College. 

Scuvu itz, Jack, National Research Fellow, Columbia University. 

SCHUMANN, MarGaret, Technician, Microscopic Anatomy, University of 
Kansas. 

Scuwinpb, JosePH L., Instructor in Anatomy, Cornell University Medical College. 

Sen, Basitswar, Director, Vivekananda Laboratory, Calcutta, India. 

SeRENI, Enrico, Capo del Reparto di Fisiologia, Stazione Zoologica, Napoli 

SEVERINGHAUS, Aura E., Instructor in Anatomy, College of Physicians and 
Surgeons. 

SHANKLIN, WILLIAM M., Adjunct Professor of Histology, American University 
of Beirut. 

SHULL, A. FRANKLIN, Professcr of Zodlogy, University of Michigan. 

SHumMway, WALpo, Professor of Zodlogy, University of Illinois. 

Situ, Heen B., Graduate Student, Johns Hopkins University. 

Snyper, CHARLES, Professor of Experimental Physiology, Johns Hopkins Uni- 
versity Medical School. 

Soxo.orF, Boris. Professor of Experimental Medicine, University of Prague, 
Czechoslovakia. 

SpEIDEL, Cart C., Associate Professor of Anatomy, University of Virginia. 

SrernsacH, H. B., Demonstrator in Physiology, Brown University. 

Stern, Lina, Professor of Physiology, University and Physiological Institute 
of Moscow, Russia. 

StronG, O.iver S., Professor of Neurology and Neuro-Histology, Columbia Uni- 
versity. 

StunKaARrD, H. W., Professor of Biology, New York University. 

Sturtevant, A. H., Professor of Genetics, California Institute of Technology. 

SUMWALT, MArGARET, Associate in Physiology and Pharmacology, Women’s 
Medical College. 

Sun, T. P., Student, University of Pennsylvania. 

Swett, F. H., Associate Professor of Anatomy, Vanderbilt University Medical 
School. 

Taytor, Ivon R., Instructor in Physiology, Brown University. 

Taytor, Witt1AM R., Professor of Botany, University of Pennsylvania. 

TENNENT, Davin H., Professor of Biology, Bryn Mawr College 

Turner, Assy H., Professor of Physiology, Mount Holyoke College. 

Tyter, ALBERT, Department of Biology, California Institute of Technology. 

UHLENHUTH, Epuarp, Associate Professor in Anatomy, University of Maryland 
Medical School. 

Uncer, W. Byers, Assistant Professor of Zodlogy, Dartmouth College. 

Van Styke, E., Instructor, University of Pittsburgh. 

VerzAr, FrepeRICc, Professor, University of Debrescsen, Hungary. 

Vicari, Emuivia, Research Assistant, Cornell University Medical College. 

Wanc, Curt Cue, Head of Department of Chemistry, Nelson Morris Memorial 
Institute for Medical Research. 

Warren, Howarp C., Stuart Professor of Psychology, Chairman of Department, 
Princeton University. 

Wuitinc, ANNA R., Professor, Pennsylvania College for Women. 

Wuitinc, P. W., Associate Professor of Zodlogy, University of Pittsburgh. 

Wieman, H. L., Professor of Zodlogy, University of Cincinnati. 

Witey, Cuartes H., Instructor in Biology, New York University. 

WitiaMs, S. Cutver, Instructor, University of Pennsylvania. 
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Witson, Epmunp B., DaCosta Professor of Zodlogy, Emeritus, Columbia Uni- 
versity. 

Witson, May G.,, Instructor, Cornell University Medical College. 

Winterstein, Hans, Director, Physiological Institute of the University of 
Breslau, Germany. 

Wooenouss, R. P., 45 Bridge Drive, Yonkers, New York. 

Wo tr, E. Atrrep, Assistant Professor, University of Pittsburgh. 

Wotrr, WittiaM A., Research Assistant in Pharmacology, University of Penn- 
sylvania. 

Wooprurr, L. L., Professor of Protozodlogy, Yale University. 

WorMALL, ArtHur, Lecturer in Biochemistry, The School of Medicine, Leeds, 
England. 

Wrepe,- Fritz, Professor of Physiology, Medical Faculty, University of Greits- 
wald, Germany. 

YounG, Rocer ArtiNnerR, Assistant Professor, Howard University 


Beginning Investigators 


ABELL, RicHarp G., Instructor in Zodlogy, University of Pennsylvania. 

ApaAmMs, THeEoporE G., Assistant Instructor, Columbia University. 

Baitey, SARAH W., Student, Radcliffe College. 

Baron, A. L., Assistant in Biology, Washington Square College, New York Uni- 
versity. 

BENKERT, .JoseEPpH M., Graduate Assistant, University of Pittsburgh. 

BENNETT, Harry J., Assistant in Zodlogy, Illinois State University. 

Bipp.e, Russet L., Teaching Fellow, California Institute of Technology 

Bostian, Carey, Graduate Assistant, University of Pittsburgh. 

Bost1an, Neita C., Research Assistant, University of Pittsburgh. 

Bow Linc, RACHEL, Assistant in Zoédlogy, Columbia University. 

BowMAN, Paut W., Instructor in Botany, George Washington University. 

Brooks, CHANDLER M., Graduate Assistant, Princeton University. 

BurkKuarpt, Lupwic, Anatomisches Institut, Wurzburg, Germany. 

Carson, Racuet L., Pennsylvania College for Women. 

CASHDOLLAR, HELEN, University of Pittsburgh. 

CHALMERS, A, ELIZABETH, University of Pittsburgh. 

CuarLes, Donato R., Graduate Assistant, University of Pittsburgh. 

Cuase, Aurtn M., Laboratory Assistant, Amherst College. 

CueEs.Ley, Leon C., Fellow in Zodlogy, Duke University. 

Cirne, Exsie, Graduate Student, The Johns Hopkins University. 

Comecys, Marcaret B., Assistant Proféssor, Long Island University 

CRrROASDALE, HANNAH T., University of Pennsylvania. 

Curtis, Mary E., Graduate Student, Yale University. 

Deitrick, JoHn E., Student, Princeton University. 

Draper, Joun W., Medical Student, Cornell University Medical College. 

ERLICH, WILLIAM, Medical Student, Washington University Medical School. 

Fraser, Doris A., Assistant in Histology, University of Pennsylvania. 

Frew, Priscitxa E., Instructor, Washington Square College, New York University. 

Gentuer, Ina T., Assistant in Pathology, Washington University Medical School. 

GrRANNIS, Frank C., Professor of Biology, Lincoln Memorial University. 

GravuBARD, Marc A., Assistant in Zodlogy, Columbia University. 

Heiter, Ricwarp E., Research Student, University of Chicago. 

HENvERSON, JEAN T., Assistant in Biology, Washington Square College, New 
York University. 

HETHERINGTON, W. A.rorp, Teaching Fellow, California Institute of Technology. 

Hryepa, Kentaro, Assistant Professor of Pathology, Manchuria Medical College. 

Hook, Sasra J., Assistant in Zodlogy, Barnard College, Columbia University. 
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joHNSTON, JANET L., Demonstrator in Biology, Brown University. 

Keit, Etsa M., Assistant in Biology, Brown University. 

KEosIAN, JouNn, Assistant in Biology, Washington Square College, New York 
University. 

Kerr, Tuomas, Assistant in Biology, Washington Square College, New York 
University. 

Kinney, ExizasetH T., Graduate Student, Columbia University. 

McCarb.e, Ross C., Instructor in Physiology, Temple University. 

McCrapy, Epwarp, Jr., Graduate Assistant in Zodlogy, University of Pittsburgh. 

McWu.iaMs, THELMA L., Assistant, University of Wisconsin. 

Miter, Evetyn H., Graduate Student, University of Pennsylvania. 

MonosMitTH, HELEN, Research Assistant, Carnegie Institution. 

Moore, IMocENE, Graduate Student, Yale University. 

OuipHANT, J., Baltimore, Maryland. 

Parks, Exizasetu K., Graduate Assistant in Zodlogy, Oberlin College. 

PARPART, ARTHUR K., Graduate Student, University of Pennsylvania. 

Parpart, ErHet Roserta, Technician, University of Pennsylvania. 

Pierson, Bernice F., Assistant, University of Maryland. 

Powsner, Louts, Student, Harvard University. 

Rosert, Nan L., Columbia University. 

Root, WALTER S., Assistant Instructor, University of Pennsylvania. 

Row Lee, Sitence, Assistant Professor, Elmira College. 

Saytes, E. Duane, Graduate Assistant of Zodlogy, University of Chicago. 

Sears, Mary, Student, Radcliffe College. 

SicHEL, Ferprinanp J., Assistant in Biology, Washington Square College, New 
York University. 

SNELL, Georce D., Graduate Student, Bussey Institution, Harvard University. 

STEINHARDT, JAcINTO, Instructor in Biophysics, Columbia University. 

STEWART, DorotHy R., Graduate Student, University of Pennsylvania. 

TerLouw, ApriAn, Graduate Student, Johns Hopkins University. 

TeWInkeL, Lois E., Assistant in Zodlogy, Barnard College, Columbia University. 

THIGPEN, Lorna W., Graduate Student, University of Pittsburgh. 

Tuompson, Guy P., Instructor in Zodlogy, University of Maryland. 

Torvik, MAGNuHILD M., Graduate Assistant, University of Pittsburgh. 

Verriyp, C. D., University of Leiden, Donders Foundation, Leiden, Netherlands. 

Watp, GeorGe, Research Assistant, Columbia University. 

Wurppte, ALLEN O., Professor of Surgery, Columbia University. 

YAMAGUCHI, SeErj1, Assistant Professor, Manchuria Medical College, Manchuria, 
Japan. 

Research Assistants 


ARMSTRONG, ELEANOR F., Research Assistant, Cornell University Medical College. 

AVERELL, Puitip R., Research Assistant, Rockefeller Institute for Medical Re- 
search 

BERNSTEIN, ALAN, Research Assistant, New York University. 

Buck, Loutse H., Research Assistant, Columbia University. 

CarroLt, MarGaret P., Research Assistant, Harvard University Medical School. 

Cotur, Frank, Instructor in Pharmacology, New York University. 

Dairy, Mary E., Research Chemist, Harvard University Medical School. 

EISENBRANDT, WILLIAM H., Research Assistant, University of Maryland Medical 
School. 

FriepMAN, Hixpa, Assistant in Pathology, Washington University Medical School. 

GREENE, Eunice C., Research Fellow in Anatomy, College of Medicine, Svracuse 
University. 

Harniy, Marie L., Research Assistant, Carnegie Institution of Washington. 

Kettcn, ANNA K., Lilly Research Laboratory, Eli Lilly & Co. 
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LorBERBLATT, Isaac, Medical Student, Washington University Medical School. 

McDona.p, JosepH A., Research Assistant, Washington Square College, New 
York University. 

SANbERS, RosaLttHA, Technical Assistant, Yale University. 

ScarBorouGH, Exrort, Medical Student, University of Alabama. 

Scuaurr_er, W. G., Princeton, New Jersey. 

Scumuck, M. Lovutse, Research Assistant, Carnegie Institution of Washington. 

SCHUBERT, MAXWELL, Rockefeller Institute. 

SHLAER, Simon, Research Assistant, Columbia University. 

SmitH, Mary Doreen, Research Assistant, Memorial Hospital. 

Smitn, Wizsur A., Medical Student, University of Pennsylvania. 

Watiace, Epirn M., Artist and Research Assistant, Carnegie Institution of 
Washington. 

WaTERMAN, ALLYN J., Harvard University. 


Students 
BOTANY 


AvpINGER, Lenore, 157 East 67th Street, New York City. 

CoGGESHALL, Mary, Johns Hopkins University. 

CroNE, Mary CATHERINE, Western Reserve University. 

GRAUSTEIN, JEANNETTE E., Radcliffe College. 

Jorpon, PHorse, Smith College. 

Morcan, AnciE, Teacher of Biology, Paris High School, Cooper, Texas. 
Moyer, LAwreNce §S., Assistant in Botany, University of Pennsylvania. 
Murray, Grace L., Science Teacher, University of Rochester. 

Rrerey, Aaron S., Student, George Washington University. 

TuHyGEson, CHRISTINE, Junior Botanist, United States Department of Agriculture. 
Tuan, Hsv C., Student, University of Pennsylvania. 

Witson, Sarauw E., Goucher College. 


EMBRYOLOGY 


Baitey, Ratpu J., Assistant in Zodlogy, University of Wisconsin. 

BeHNEY, WiLiiaM H., Research Fellow, University of Vermont. 

BENNETT, Harry J., Assistant in Zodlogy, University of Illinois. 

Brrstap, NELLIE M., Assistant in Zodlogy, University of Wisconsin. 

Burr, BarBarA, St. Lawrence University. 

DeRoo, Grace I., Bryn Mawr College. 

DuSHANneE, GrawamM P., Undergraduate, Wabash College. 

Emerson, Henry S., Amherst College. 

FEIGHNER, LENA V., Teacher of General Science, Kansas City. 

FrnpLay, Martua §., Graduate Student, Radcliffe College. 

Frsu, Harotp §S., Instructor in Biology, Colby College. 

Goopinc, Axtce A., Instructor, Hunter College. 

Gruss, THomas C., Student, Hamilton College. 

Hunter, Ricuarp H., Lecturer in Anatomy, Queens’ University, Belfast, Ireland. 

Korr, Artuur K., Instructor in Pathology, Johns Hopkins University. 

KopENHAVER, Mary ELizasetu, Student, Hood College. 

NUSSMANN, THEODORA C., Fellow, University of Cincinnati. 

Rupnick. DorotrHea, Student, University of Chicago. 

Scutro, Harotp S., Bowdoin College. 

Scott, Marie, Assistant Instructor in Zodlogy, University of Kansas. 

Scott, SisteR FLorENcE Marg, Assistant Professor of Zodlogy, Seton Hill 
College. 

SitH, Ernest V., Student, Wabash College. 
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Sterner, MattHew M., New York University. 
SrreEtT, Sispyt F., Assistant, Vassar College. 
WaLKER, RoLanp, Oberlin College. 
WICKENDEN, JAMES N., Oberlin College. 
Worre, Mary F., Radcliffe College. 
ZIMMERMAN, EvizaBetH K., Hood College. 


PHYSIOLOGY 


Dv Bors, Eucene F., Assistant Professor of Medicine, Cornell University Medical 
College. 

Fow er, JoHN Rosert, Student, University of Chicago. 

Haynes, FLorENcE W., Mount Holyoke College. 

Heiter, Ricuarp E., Student, University of Chicago. 

HENSHAW, Pavut S., Research Fellow, University of Wisconsin. 

HorrMaANn, Lioyp A., Johns Hopkins Medical School. 

Howes, SAMuEL A., Instructor in Botany, Rhode Island State College. 

Jorres, JoHAN E., Assistant Professor in Biochemistry, Caroline Institute, Stock- 
holm. 

Kerr, THomas, Assistant in Biology, New York University. 

McGavran, Joycr, Instructor in Physiology, College for Women, Western Re- 
serve University. 

MILLIKAN, GLENN A., California Institute. 

Nitzuescu, Jutius J., Assistant, School of Medicine, Rumania. 

PacKARD, CHARLES E., Instructor, University of Cincinnati. 

Saves, Duane, Graduate Assistant, University of Chicago. 

SEELYE, Epwin B., Amherst College. 

Stuck, RaALteu M., Student, Washington University Medical School. 

Wricut, CuHartes I., Rochester University. 


PROTOZOGLOGY 


Carro_t, Paut L., Instructor in Biology, St. Louis University. 

Exiuis, Joann M., Head of Biology Department, Junior College of Augusta. 

HaAvusMAN, Sipyt A., Assistant in Zodlogy, Wellesley College. 

HiLeMAN, Ciara M., Teacher, High School, Valley Stream, Long Island. 

HiyepA, Kentaro, Assistant Professor of Pathology, Manchuria Medical College. 

Hoppe, MARGUERITE E., Teachers College, Columbia University. 

Jones, Epcar P., Instructor, University of Pittsburgh. 

Morcan, Anair, Teacher of Biology, Paris High School, Cooper, Texas. 

OLTMANN, CLaraA, Student, Columbia University. 

RuGu, Roserts, Instructor, Hunter College. 

Scott, Sister FLorENcE Marte, Teacher of Biology, Seton Hill College. 

Situ, Tuomas L., Head of the Department of Biology, The College of the 
Ozarks. 

Stuck, FLorence, Student, Columbia University. 

WHITEHEAD, Katisue, Graduate Assistant, University of Georgia. 

Witis, Atma A., Graduate, Columbia University. 


INVERTEBRATE ZOOLOGY 


AMEEL, Donatp J., Graduate Assistant, University of Michigan. 

Batty, SARAH W., Student, Radcliffe College. 

BALLew, AMER M., Instructor, Austin High School, Chicago. 

Bett, Leste M., Assistant in Zodlogy and Embryology, University of Alabama. 
BionpeLt, Dorotuy M., Barnard College. 
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Brap.ey, FrepericK W., Upper Montclair, New Jersey. 
BreEHME, KATHERINE S., Barnard College. 

CAMPBELL, Ma.cotm D., Junior Master, Dorchester High School for Boys. 
Capps, Harry M., Jr., Student, Amherst College. 

CHAMBERS, JosEPH C., Jr., Student, Amherst College. 

Cottier, CorneLia H., Student, Elmira College. 

CoonFIELD, BENJAMIN R., Austin Teaching Fellow, Harvard University. 
CRANE, BARBARA, Student, Oberlin College. 

CuMMINGS, FRANCEs, Student, Albertus Magnus. 

Darsy, PAULINE, Assistant, Washington University. 

FINKELSTEIN, RutH, Johns Hopkins University. 

FLAMMON, S1sTER M. MurieEz, Seton Hill College. 

Foster, Auret O., Assistant in Zodlogy, Wesleyan University. 
Frost, Nancy, Acadia University. 

Frye, Mary EvizasetH, Pennsylvania College for Women. 

Gov tp, Rosert G., Jr., Student, Harvard University. 

Haas, AnNnaA L., H. Sophie Newcomb College. 

Hanprorp, STANLEY W., Graduate Student, Yale University. 
Hastincs, Auice, Mount Holyoke College. 

HaypEN, SHERMAN S., Harvard University. 

Hume, Exsir C., Teacher of Biology, Lasell Seminary. 

Keck, Henry E., Assistant in Biology, Ohio University. 
KENDALL, James I., Student, Bussey Institution. 

Kerr, KATHEL B., Student, Oberlin College. 

Kumpr, KATHARINE F., Goucher College. 

LAMMERS, HELENE N., Assistant in Biology, Agnes Scott College. 
LeCates, Carrie E., University of Delaware. 

Lioyp, JANET, Smith College. 

Lovucurince, Gasper A., Teaching Fellow in Botany, Rutgers University. 
MacFarianp, WititAM E., Student, Acadia University. 
NIcHOLS, Rowena, Student, Wellesley College. 

PATTERSON, MartHa M., Senior, Wilson College. 

Pueps, Austin, Assistant, Yale University. 

PLyLerR, Puyiits V., Goucher College. 

Rupnick, DorotHea, Fellow in Zodlogy, University of Chicago. 
Scott, Joun Pavut, University of Wyoming. 

SrroMer, Mrinvex, Student, New York University. 

SpaLpInG, AticeE Dean, Teachers College, Columbia University. 
Stauper, Leste A., Graduate Assistant in Zodlogy, Rutgers University. 
Stites, Kari A., Instructor of Biology, Battle Creek College. 
SToELTING. Dorotny E., Student, Butler University. 

Stuttz, Water A., Assistant in Zodlogy, Yale University. 
Sweeney, Jutta D., Senior, Radcliffe College. 

ToorHit,, MartHa C., Mount Holyoke College. 

Torrey, THEopoRE W., Student, Harvard University. 

Wap, Hetena, Student, New York University. 

Water, Wri1am H., Student, De Pauw University. 

Weston, Fiorence E., Graduate Student, Tufts College. 
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3. TABULAR VIEW OF ATTENDANCE 


INVESTIGATORS—T otal 
Independent 
Under Instruction 


Research Assistants .........0cc0c00: 


StuDENTs—Total 


Protozodlogy 
Embryology 
Physiology 
Botany 


Tota, ATTENDANCE 


1925 1926 1927 


ka 252 294 


156 209 
84+ 57 


a 12 28 


141 141 
56 57 
19 17 
28 32 
18 19 
20 16 


393 435 


Less Persons registered as both students 


and investigators 


INSTITUTIONS REPRESENTED—Total 
By investigators 
By students 


ScHOOLS AND ACADEMIES REPRESENTED 


By investigators 
By students 

ForEIGN INSTITUTIONS REPRESENTED 
By investigators 


Ee re ae a ae Se 


8 1 


385 434 


89 


4. SUBSCRIBING AND COOPERATING INSTITUTIONS 


Acadia University 
Agnes Scott College 
Amherst College 
Barnard College 
Battle Creek College 
Bowdoin College 
Brown University 
Bryn Mawr College 
Butler College 
C. R. B. Educational Foundation 
California Institute of Technology 
Carnegie Institution, Cold Spring 
Harbor 
Carnegie Institution of Washington 
Chinese Educational Mission 
Columbia University 
Commonwealth Fund 
Cornell University 
Cornell University Medical College 
De Pauw University 
Duke University 
Elmira College 
3 


General Education Board 

Goucher College 

Hamilton College 

Harvard University 

Harvard University Medical School 

Howard University 

Industrial & Engineering Chemistry, 
of the American Chemical Society 

International Education Board 

Johns Hopkins University 

Johns Hopkins University Medical 
School 

Eli Lilly & Co. 

Massachusetts Institute of Technol- 
ogy 

Memorial Hospital of New York 
City 

Morehouse College 

Mount Holyoke College 

National Research Council 

New York University 
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Oberlin College 

Ohio University 

Pennsylvania College for Women 

Princeton University 

Radcliffe College 

Rockefeller Foundation 

Rockefeller Institute for 
Research 

Rutgers University 

Seton Hill College 

Smith College 

Sophie Newcomb College 

Southwestern 

St. Norbert College 

Tufts College 

Union College 

United States Dept. of Agriculture 

University of Alabama 

University of Buffalo 

University of Chicago 

University of Cincinnati 

University of Delaware 

University of Illinois 

University of Kansas 

University of Maryland 
School 


University 


Medical 


Medical 


of Michigan 
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SCHOLARSHIP TABLES 


Ida H. Hyde Scholarship of the University of Kansas. 
Lucretia Crocker Scholarships for Teachers in Boston 









of 
of 
of 
of 


Missouri 

Nebraska 
Pennsylvania 
Pennsylvania Medical 


University 
University 
University 
University 
School 
University 
University 
University 


of Pittsburgh 

of Rochester 

of Vermont 

University of Virginia 

University of Wisconsin 

Vanderbilt University Medical 
School 

Vassar College 

Wabash College 

Washington University 

Washington University Medical 
School 

Wellesley College 

Wesleyan University 

Western Reserve University 

West Virginia University 

Wistar Institute of Anatomy and 
Biology 

Women’s Medical College of Penn- 
sylvania 

Yale University 


Scholarship of $100 supported by a friend of the Laboratory since 1898. 
The Edwin S. Linton Memorial Scholarship of Washington and Jefferson 


College. 






Friday, June 21 
Dr. Sevic Hecut 

Friday, June 28 
Dr. Paut S. GALTSOFF 


Friday, July 5 
Dr. E. M. East 





The Bio Club Scholarship of the College of the City of New York. 


5. EVENING LECTURES, 1929 


“ Immunological 





“The Nature of Visual Acuity.” 


“The Physiology of Feeding and Re- 


production of the American Oys- 
ter.” 

Phenomena in 
Plants.” 
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Friday, July 12 
Dr. G. H. PARKER * The Nature of Neurofibrils.” 
Friday, July 19 
Dr. E. FAuré-FREMIET “La Structure des amoebocytes hy- 
alins et leurs propriétés physiolog- 
iques.” 
Friday, July 26 
Dr. HENRI FREDERICQ * Humoral Transmission of Nerve 
Action.” 
Friday, August 2 
Dr. P. B. REHBERG * Studies on Kidney Function.” 
Friday, August 9 
Dr. Hans WINTERSTEIN ‘The Metabolism of the Process of 
Excitation.” 
Friday, August 16 
THe Witt1amM THompson SEDG- 
WICK MEMoRIAL LECTURE, delivered 
BY Dr. TorstEN THUNBERG “ The Hydrogen-Activating Enzymes 
of the Cells.” 
Friday, August 23 
Dr. K. T. Berar * Investigations on the Structure and 
Function of the Mitotic Spindle.” 
Friday, August 30 
Ss es Ws SAME ios concensus ‘** Some Chemical Factors in the Reg- 
ulation of the Blood Flow.” 
Tuesday, September 3 
Dr. Aucust Krocu * Respiratory Mechanisms in Insects.” 
Friday, September 6 
Dr. JosEpH BARCROFT * Recent Observations on the Spleen.” 
Monday, September 9 
THe Reynotp A. SpaetH MeE- 
MORIAL LeEctTuRE, delivered by Dr. 
Rupo_tF H6OBeER “The Structure of the Plasma Mem- 
brane.” 
Wednesday, September 11 
Dr. FREDERIC VERZAR “On the Mechanism of Absorption 
from the Intestine.” 
Friday, September 13 
Dr. Enrico SERENI * The Physiology of Chromatophores.” 


6. SHORTER SCIENTIFIC PAPERS, 1929 


Tuespay, Juty 2 
Dr. J. M. Jounin “The Surface Tension of Solutions 
of Semicolloids in Relation to the 
Concentration.” 
Dr. L. MIcHAELIs “The Mechanism of the Iron Cataly- 
sis in Oxidation.” 
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Tuesday, July 9 
Dr. Apsy H. TuRNER ... 


Dr. W. E. Garrey 


Dr. D. J. Epwarps AND 
Dr. J. McKeen CatTrTei 


Tuesday, July 16 
Mr. L. G. Bartu 


Dr. L. V. HEILBRUNN 


Dr. Paut REZNIKOFF 


Tuesday, July 23 
Mr. Harry GRUNDFEST 


Dr. Wm. L. Dottey, Jr. 


Dre. H. K. Hamrasme ............ a 


Tuesday, July 30 
Mr. ReEuBEN BLUMENTHAL 


Dr. Henry J. Fry 


Dr. Boris SoKOLOFF 


Tuesday, August 6 


Dr. A. FRANKLIN SHULL ........ * 


SOR Me. AO EE << ku iiss vue Seakcn 


Dr. T. DoszHANskKy 
Tuesday, August 13 
Miss Heten B. SmitTH 
Mr. Oscar W. RICHARDS ........ 


Dr. MAynarp M. METCALF 


“Some Visual 
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“The Adjustment of the Human Cir- 


culation in Prolonged Standing.” 


“The Non-existence of Physiological 


Leucocytosis.” 


“Some Physiological Effects of Hy- 


drostatic Pressure.” 


“The Effects of Acids and Alkalies 
on the Viscosity of Arbacia Egg 
Protoplasm.” 

(a) “The Viscosity of Amoeba 
Protoplasm at Different Tempera- 
tures.” (b) “Further Study of 
the Surface Precipitation Reaction.” 

“Response of White Blood Cells to 
Stimulation.” 


“Visibility of the Spectrum to the 


Fish Eye.” 


Phenomena in Eris- 
talis tenax.” 

The Course of Dark Adaptation of 
the Eye of Limulus as Manifested 


by its Electrical Response.” 


“Some Effects of Cyanides in Rela- 


tion to Mitosis in Arbacia Eggs.” 
“A Critique of the Usual Concepts 
Concerning the Mitotic Mechanism 
of the Echinoderm Egg.” 
“ Liquefaction of Malignant Tumors 
and Iron Metabolism.” 


Intermediate Aphids and _ Gold- 
schmidt’s Theory of Intersexes.” 

“ Unisexual Progenies and the Mech- 
anism of Sex-determination in 
Sciara.” 


“ Chromosome Translocation in Droso- 


phila Induced by X-rays.” 


“ Depression in Rotifera.” 

“The Later Part of the Growth of 
a Population of Yeast.” 

“An African Zodgeographical Puz- 
zle.” 





















REPORT OF THE DIRECTOR 37 





Tuesday, August 20 


Dr. Mary S. MacDouGatt ...... Modifications in Chilodon unicinatus 
Produced by Ultra-violet Radia- 
tion.” 

Miss RAcHAEL BOWLING ........ “Conjugation of Distomatous Indi- 
viduals of Glaucoma Scintillans.” 

in. Sear Mi. CAGRIMS. «cc noses “ Chromosomes in Uroleptus Halseyi.” 

BR Bs. ac: SOO is a hice wceins cK aces “Motion Pictures of Living Proto- 
zoa.” 


Tuesday, August 27 
Dr. J. Nitzutescu, Mr. T. Kerr 
anp Mr. G. A. MILLIKAN ....... * Salt Errors of Clark-Lubs Indicators 
for Woods Hole Sea Water.” 


Dr. Sercius MorGULIS .......... “ Blood Calcium in Tetany.” 


Ty, ee I wns sins sceclancere wis ‘Elementary Study of the Bone Sol- 
ids with Particular Reference to 
Age.” 

Dr. E. S. GuzMan BarrON AND 

ON ee re ee “ The Reduction Potential of Sugars.” 

Dr. KENNETH BLANCHARD ...... (a) “Inorganic Constituents of the 


Arbacia Egg.” (b) “ Autoxidation 
of Unsaturated Hydrocarbons.” 


7. 





MEMBERS OF THE CORPORATION 


1. Lire MEMBERS 


Autis, Mr. E. P., Jr., Palais Carnoles, Menton, France. 

ANprREWsS, Mrs. GWENDOLEN FoutkeE, Baltimore, Md. 

Biiuincs, Mr. R. C., 66 Franklin St., Boston, Mass. 

ConkKLIN, Pror. Epwin G., Princeton University, Princeton, N. J. 

Cootripce, Mr. C. A., Ames Building, Boston, Mass. 

Crane, Mr. C. R., New York City. 

Evans, Mrs. GLENDOWER, 12 Otis Place, Boston, Mass. 

Fay, Miss S. B., 88 Mt. Vernon St., Boston, Mass. 

Foot, Miss KATHERINE, Care of Morgan Harjes Cie, Paris, France. 

GARDINER, Mrs. E. G., Woods Hole, Mass. 

Harrison, Ex-Provost C. C., University of Pennsylvania, Philadelphia, 
Pa. 

Jackson, Miss M. C., 88 Marlboro St., Boston, Mass. 

Jackson, Mr. Cuas. C., 24 Congress St., Boston, Mass. 

Kipper, Mr. NATHANIEL T., Milton, Mass. 

Kine, Mr. Cuas. A. 

Lee, Mrs. Freperic S., 279 Madison Ave., New York City, N. Y. 

Lowe tt, Mr. A. LawreENCE, 17 Quincy St., Cambridge, Mass. 

Means, Dr. James Howarp, 15 Chestnut St., Boston, Mass. 
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MERRIMAN, Mrs. Daniet, 73 Bay State Road, Boston, Mass. 

Minns, Miss Susan, 14 Louisburg Square, Boston, Mass. 

Morcan, Mr. J. Prerpont, Jr., Wall and Broad Sts., New York City, 
N. Y. 

Morcan, Pror. T. H., Director of Biological Laboratory, California 
Institute of Technology, Pasadena, Calif. 

Morcan, Mrs. T. H., Pasadena, Calif. 

Noyes, Miss Eva J. 

Osporn, Pror. Henry F., American Museum of Natural History, New 
York, N. Y. 

Puituirs, Mrs. Joun C., Windy Knob, Wenham, Mass. 

Porter, Dr. H. C., University of Pennsylvania, Philadelphia, Pa. 

Sears, Dr. Henry F., 86 Beacon St., Boston, Mass. 

Suepp, Mr. E. A. 

THORNDIKE, Dr. Epwarp L., Teachers College, Columbia University, 
New York City, N. Y. 

TRELEASE, Pror. WILLIAM, University of Illinois, Urbana, Ill. 

Ware, Miss Mary L., 41 Brimmer St., Boston, Mass. 

Wittiams, Mrs. Anna P., 505 Beacon St., Boston, Mass. 

Witson, Dr. E. B., Columbia University, New York City, N. Y. 


2. Recutar Memsers, Aucust, 1929 


Apams, Dr. A. EtizasetH, Mount Holyoke College, South Hadley, 
Mass. 


Appison, Dr. W. H. F., University of Pennsylvania Medical School, 
Philadelphia, Pa. 

Apo.pH, Dr. Epwarp F., University of Rochester, School of Medicine 
and Dentistry, Rochester, N. Y. 

AcerssorG, Dr. H. P. K., 1428 Riverview Ave., Decatur, IIl. 

ALLEE, Dr. W. C., University of Chicago, Chicago, IIl. 

ALLEN, Pror. Cuartes E., University of Wisconsin, Madison, Wis. 

ALLEN, Pror. Ezra, New York Homeopathic Medical College, New 
York City, N. Y. 

Attyn, Dr. Harriet M., 1 Fuller St., New London, Conn. 

AmBERSON, Dr. W1LL1AM R., University of Pennsylvania, Philadelphia, 
Pa. 

Anpverson, Dr. E. G., California Institute of Technology, Pasadena, 
Calif. 

Austin, Dr. Mary L., Wellesley College, Wellesley, Mass. 

BalTsELL, Dr. Georce A., Yale University, New Haven, Conn. 

Baker, Dr. E. H., 5312 Hyde Park Boulevard, Hyde Park Station 
Chicago, IIl. 
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Ba_pwin, Dr. F. M., University of Southern California, Los Angeles, 
Calif. 

BeckwitTH, Dr. Cora J., Vassar College, Poughkeepsie, N. Y. 

Beure, Dr. Etinor H., Louisiana State University, Baton Rouge, La. 

Bennitt, Dr. Rupotr, University of Missouri, Columbia, Mo. 

BiceELow, Pror. R. P., Massachusetts Institute of Technology, Cam- 
bridge, Mass. 

BrinForD, Pror. RaymMonp, Guilford College, Guilford College, N. C. 

BIssoNNETTE, Dr. T. H., Trinity College, Hartford, Conn. 

BLANCHARD, Pror. KENNETH C., New York University, Washington 
Square College, New York City, N. Y. 

Bopine, Dr. J. H., University of Iowa, Iowa City, Ia. 

Bortnc, Dr. Atice M., Yenching College, Peking, China. 

Bowen, Dr. Rosert H., Columbia University, New York City, N. Y. 

Bow inc, Miss Racuet, Columbia University, New York City, N. Y. 

Box, Miss Cora M., University of Cincinnati, Cincinnati, O. 

BraDLey, Pror. Harotp C., University of Wisconsin, Madison, Wis. 

BraiLey, Miss Miriam E., 800 Broadway, Baltimore, Md. 

Brinces, Dr. Carvin B., California Institute of Technology, Pasadena, 
Calif. 

Brooks, Dr. S. C., University of California, Berkeley, Calif. 

BuckKINGHAM, Miss Epita N., Sudbury, Mass. 

BuprincTon, Pror. R. A., Oberlin College, Oberlin, O. 

Butiincton, Dr. W. E., Randolph-Macon College, Ashland, Va. 

Bumpus, Pror. H. C., Duxbury, Mass. 

Byrnes, Dr. Estuer F., 1803 North Camac Street, Philadelphia, Pa. 

CaLKINs, Pror. Gary N., Columbia University, New York City, N. Y. 

CaLverT, Pror. Puitip P., University of Pennsylvania, Philadelphia, 
Pa. 

Carson, Pror. A. J., University of Chicago, Chicago, Ill. 

CarotHers, Dr. ELEANOR E., University of Pennsylvania, Philadelphia, 
Pa. 

CarroLi, Pror. MircHer, Franklin and Marshall College, Lancaster, 
Pa. 

Carver, Pror. Gait L., 613 Orange St., Macon, Ga. 

CasTEEL, Dr. D. B., University of Texas, Austin, Tex. 

CaTTELL, Dr. McKeen, Cornell University Medical College, New 
York City, N. Y. 

CaTTELL, Pror. J. McKeen, Garrison-on-Hudson, N. Y. 

CATTELL, Mr. Ware, Garrison-on-Hudson, N. Y. 

Cuambers, Dr. Ropert, Washington Square College, New York Uni- 
versity, Washington Square, New York City, N. Y. 
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Cuar_ton, Dr. Harry H., University of Missouri, Columbia, Mo. 

Cuiwester, Pror. F. E., West Virginia University, Morgantown, 
W. Va 

Cup, Pror. C. M., University of Chicago, Chicago, IIl. 

Crapp, Pror. CorNELiIA M., Montague, Mass. 

Crark, Pror. E. R., University of Pennsylvania, Philadelphia, Pa. 

CLELAND, Pror. Ratpu E., Goucher College, Baltimore, Md. 

Crowes, Pror. G. H. A., Eli Lilly & Co., Indianapolis, Ind. 

Cog, Pror. W. R., Yale University, New Haven, Conn. 

Coun, Dr. Epwin J., 183 Brattle St., Cambridge, Mass. 

Coxer, Dr. R. E., University of North Carolina, Chapel Hill, N. C. 

Cote, Dr. Exvsert C., Williams College, Williamstown, Mass. 

Cote, Dr. Leon J., College of Agriculture, Madison, Wis. 

CotteTT, Dr. Mary E., Western Reserve University, Cleveland, O. 

Cottey, Mrs. Mary W., 36 Argyle Place, Rockville Centre, Long 
Island, N. Y. 

Cotton, Pror. H. S., Box 127, Flagstaff, Ariz. 

Conno.ty, Dr. C. J., Catholic University, Washington, D. C. 

CoPpELAND, Pror. Manton, Bowdoin College, Brunswick, Me. 

Cowpry, Dr. E. V., Washington University, St. Louis, Mo. 

CramPTON, Pror. H. E., Barnard College, Columbia University, New 
York City, N. Y. 

Crane, Mrs. C. R., Woods Hole, Mass. 

Curtis, Ur. MaynieE R., Crocker Laboratory, Columbia University, 
New York City, N. Y. 

Curtis, Pror. W. C., University of Missouri, Columbia, Mo. 

Davis, Dr. Donatp W., College of William and Mary, Williamsburg, 
Va. 

Davis, Dr. Atice R., 989 Memorial Drive, Cambridge, Mass. 

Dawson, Dr. J. A., The College of the City of New York, New York 
City, N. Y. 

Deperer, Dr. Pautine H., Connecticut College, New London, Conn. 

DeLLINGER, Dr. S. C., University of Arkansas, Fayetteville, Ark. 

Dopps, Pror. G. S., Medical School, University of West Virginia, Mor- 
gantown, W. Va. 

Dotiey, Pror. WittiAM L., University of Buffalo, Buffalo, N. Y. 

Donapson, Pror. H. H., Wistar Institute of Anatomy and Biology, 
Philadelphia, Pa. 

Donatpson, Dr. Joun C., University of Pittsburgh, School of Med- 
icine, Pittsburgh, Pa. 

Drew, Pror. Girman A., Eagle Lake, Florida. 
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Du Bots, Dr. Eucene F., Cornell University Medical College, New 
York City, N. Y. 

Duacar, Dr. BENJAMIN M., University of Wisconsin, Madison, Wis. 

Duneay, Dr. Nett S., Carleton College, Northfield, Minn. 

Epwarps, Dr. D. J., Cornell University Medical College, New York 
City, N. Y. 

Extiis, Dr. F. W., Monson, Massachusetts. 

Farnum, Dr. Loutse W., 43 Hillhouse Ave., New Haven, Conn. 

FaurRE-FREMIET, Pror. EMMANUEL, Collége de France, Paris, France. 

Fenn, Dr. W. O., Rochester University, School of Medicine, Rochester, 
MN... ¥. 

Fretp, Miss Haze E., Occidental College, Los Angeles, Calif. 

Forses, Dr. ALEXANDER, Harvard University Medical School, Boston, 
Mass. 

Fry, Dr. Henry J., Washington Square College, New York City, N. Y. 

Gace, Pror. S. H., Cornell University, Ithaca, New York. 

GarrEY, Pror. W. E., Vanderbilt University Medical School, Nashville, 
Tenn. 

Gates, Dr. F. L., 31 Fayerweather St., Cambridge, Mass. 

Gates, Pror. R. RuGcies, University of London, London, England. 

GEISER, Dr. S. W., Southern Methodist University, Dallas, Tex. 

GLasER, Pror. O. C., Amherst College, Amherst, Mass. 

GLASER, Pror. R. W., Rockefeller Institute for Medical Research, 
Princeton, N. J. 

GotprorB, Pror. A. J., College of the City of New York, New York 
City, N. Y. 

Goopricu, Pror. H. B., Wesleyan University, Middletown, Conn. 

GraHaM, Dr. J. Y., University of Alabama, University, Ala. 

Grave, Pror. B. H., DePauw University, Greencastle, Ind. 

Grave, Pror. CaAswELt, Washington University, St. Louis, Mo. 

Gray, Pror. Irvine E., Tulane University, New Orleans, La. 

GREENMAN, Pror. M. J., Wistar Institute of Anatomy and Biology, 
Philadelphia, Pa. 

Grecory, Dr. Lourse H., Barnard College, Columbia University, New 
York City, N. Y. 

Guturigz, Dr. Mary J., University of Missouri, Columbia, Mo. 

Guyer, Pror. M. F., University of Wisconsin, Madison, Wis. 

Hacvue, Dr. FLrorence, Sweet Briar College, Sweet Briar, Va. 

Hatt, Pror. Frank G., Duke University, Durham, N. C. 

Hance, Dr. Rospert T., University of Pittsburgh, Pittsburgh, Pa. 

Hareitt, Pror. Georce T., Syracuse University, Syracuse, N. Y. 
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Harman, Dr. Mary T., Kansas State Agricultural College, Manhattan, 
Kans. 

Harper, Pror. R. A., Columbia University, New York City, N. Y. 

Harrison, Pror. Ross G., Yale University, New Haven, Conn. 

Harvey, Mrs. E. N., Princeton, N. J. 

Harvey, Pror. E. N., Princeton University, Princeton, N. J. 

Haypden, Dr. Marcaret A., Wellesley College, Wellesley, Mass. 

Haywoop, Dr. Cuartotte, Vassar College, Poughkeepsie, N. Y. 

Hazen, Dr. T. E., Barnard College, Columbia University, New York 
City, N. Y. 

Heatu, Pror. Harorp, Pacific Grove, California. 

Hecut, Dr. Seric, Columbia University, New York City, N. Y. 

HEGNER, Pror. R. W., Johns Hopkins University, Baltimore, Md. 

HEILBRUNN, Dr. L. V., Washington Square College, New York Uni- 
versity. 

Hess, Pror. WALTER N., Hamilton College, Clinton, N. Y. 

Hinricus, Dr. Marte A., University of Chicago, Chicago, III. 

Hisaw, Dr. F. L., University of Wisconsin, Madison, Wis. 

Hoaptey, Dr. Leicu, Harvard University, Cambridge, Mass. 

Hocue, Dr. Mary J., 503 N. High St., West Chester, Pa. 

Hormes, Pror. S. J., University of California, Berkeley, Calif. 

Hooker, Pror. Davenport, University of Pittsburgh, Pittsburgh, Pa. 

Hopkins, Dr. Hoyt S., New York University, College of Dentistry, 
New York City, N. Y. 

Howarp, Dr. Harvey J., Washington University, St. Louis, Mo. 

Howe, Dr. H. E., 2702 36th St., N. W., Washington, D. C. 

Hoyt, Dr. Witt1am D., Washington and Lee University, Lexington, 
Va. 

Humpurey, Mr. R. R., University of Buffalo, School of Medicine, 
Buffalo, N. Y. 

Hyman, Dr. Lissie H., University of Chicago, Chicago, IIl. 

InMAN, Pror. Onnvess L., Antioch College, Yellow Springs, O. 

Irwin, Dr. Martan, Rockefeller Institute, New York City, N. Y. 
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THE INFLUENCE OF CARBON DIOXIDE UPON THE 
OXYGEN CONSUMPTION OF PARAME- 
CIUM AND THE EGG OF ARBACIA 


WALTER S. ROOT 


(From the Depurtment of Physiology, School of Medicine, University of Penn- 
sylvania, the Marine Biological Laboratory, Woods Hole, Mass., and the 
Department of Physiology, School of Medicine, Syracuse University) 


The inter-relationship between oxygen and carbon dioxide in sup- 
porting the respiration of higher animals is a matter of fundamental 
importance. Since experiments upon such forms are often difficult 
to interpret, because of the number of uncontrollable factors involved, 
single cells have been used in the present study in which the material 


employed was Paramecium caudatum and the fertilized eggs of Arbacia 
punctulata. 


Few investigations have been made concerning the effect of carbon 
dioxide upon the oxygen consumption of protozoa or of marine eggs, 


though Warburg (1910) observed no change in the respiration of fer- 
tilized sea urchin eggs in the presence of a carbon dioxide tension of 
15 mm. Hg, and Burfield (1928) reported that small amounts of carbon 
dioxide profoundly decreased the rate of oxygen consumption of plaice 
eggs. In these studies, however, oxygen was measured by the Winkler 
method which, while accurate for the determination of dissolved oxygen 
in solutions free of organic materials, is said to be untrustworthy for 
egg suspensions (Heilbrunn, 1915; Warburg, 1914a). Moreover, the 
presence of iron in sea urchin eggs (Warburg, 1914b) is known to in- 
troduce large errors into the method (Alsterberg, 1926). Previous 
work on the effect of carbon dioxide upon the rate of oxygen consump- 
tion of single cells appears, therefore, to be not entirely satisfactory 
and a reinvestigation of the question by other methods has seemed de- 
sirable. In the experiments here recorded, the technique employed was 
that developed by Novy and his collaborators (1925) for bacterial 


respiration, and modified by Amberson (1928) for the respiration of 
unicellular animal organisms. 


EXPERIMENTS WITH PARAMECIUM 
A thick suspension of the protozoa was obtained by placing several 
liters of culture in a large glass cylinder which was illuminated near 
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the top by rays of light from a sixty-watt electric light bulb. The 
organisms under these conditions swim to the top, and may be siphoned 
off in great numbers. The suspension so obtained was then centrifuged 
at two thousand revolutions a minute for ten to twenty seconds. The 
centrifuge was stopped suddenly to prevent the organisms from swim- 
ming from the bottom of the centrifuge tubes before the supernatant 
fluid could be decanted. The sediment of protozoa was washed in 
several changes of boiled, cooled, filtered pond water. The suspension 
in its final form must have been relatively free from bacteria, because 
control experiments with the cells absent showed no measurable oxygen 
consumption. The cultures were never pure, but P. caudatum always 
constituted at least 95 per cent of the protozoa present. The original 
culture of Paramecium was obtained from Dr. William Canovan of 
the Zodlogy Department of the University of Pennsylvania. 

In order to obtain two suspensions containing approximately the 
same number of cells, a calibrated glass “ mixer”’ was used. This con- 
sisted of a glass tube three-quarters of an inch in diameter, fitted at 
each end with a ground glass stopper. It was separated into two 
chambers of about twenty cc. capacity by a stopcock, the bore of which 
was of the same diameter as the tube. The suspension was poured 
into and out of the “mixer”’ eight to ten times with one stopper 
in place and with the stopcock open. After pouring the suspension 
in for the last time, the second stopper was inserted and the stopcock 
turned before the protozoa had an opportunity to change their distri- 
bution. The suspensions on each side of the stopcock were then poured 
into two calibrated cylindrical glass vessels of about the size and shape 
of Haldane gas collecting tubes. These tonometers were fitted with 
three-way stopcocks at both ends. Twenty-five cc. of boiled, cooled, 
filtered pond water were added to each tonometer. 

Gas mixtures were made up in two twenty-one liter bottles so ar- 
ranged that, when air or nitrogen was forced into one, the water con- 
tained therein passed into the second bottle, displacing the gas mixture 
which had previously been made up to approximately the desired per- 
centage of oxygen and carbon dioxide. While the water contained in 
these bottles absorbed a certain amount of the gas mixtures above it, 
the gas tensions were determined from samples of the gas after it 
had passed through the tonometer, and immediately before the tonometer 
was closed. Any changes in gas tension occurring within the bottles 
did not, therefore, result in errors in the respiratory determinations. 

At the beginning of an experiment, the gas mixture was slowly bub- 


bled through one of the suspensions. Temperature equilibrium was 
4 
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achieved by placing the tonometers in a water bath at the same tem- 
perature as that at which the respiration was to be measured (25.6° + 
0.3° C.). Every few seconds the passage of the gas was suspended and, 
with the stopcocks closed, the tonometer was gently rocked to hasten 
the attainment of equilibrium. After such a procedure, a drop of 
water was left in the capillary part of the tonometer which leads to 
the stopcock. When the tonometer was opened to the outside air, the 
drop was displaced inwards, because the pressure within the tonometer 
was less than atmospheric, due to the absorption of gases by the sus- 
pension. Passage of the gas mixture was continued until the drop was 
no longer displaced. A sample of the gas mixture, after it had passed 
through the tonometer, was now collected in a Bailey sampling bottle. 
Care was exercised to prevent the presence of a positive pressure within 
the tonometer. The stopcocks were then closed and the tonometers 
were placed in a second water bath. The tonometers were rotated upon 
their long axes sixty times a minute. No cellular destruction or ab- 
normal behavior was observed. The same cultures were used every 
second or third day. 

While the first suspension was undergoing the above treatment, the 
second suspension was equilibrated in the same water bath with air, 
by connecting one end of the tonometer with a compressed air inlet 
or a water pump. After approximately the same length of time as was 
required for the equilibration of the tonometer containing carbon dioxide, 
an air sample was secured, the stopcocks were closed, and the tonom- 
eter was placed in the rotator. The two tonometers rarely differed by 
more than five to ten minutes in their starting times. At the end of 
two to four hours, the tonometers were removed from the water bath 


and a sample of the contained gas was withdrawn in a Bailey collector, 


and set aside for later analysis. Respiratory exchanges were calculated 
for three-hour experiments. 

The gas samples were analyzed in duplicate by means of a Haldane- 
Henderson analyzer with a nitrogen side tube, the principle being that 
employed in Bazett’s modification (1928). The analyses were con- 
trolled by daily air analyses, and were accurate to 0.03 to 0.04 per cent. 

Assuming the gaseous solubilities to be those given by the standard 
tables for pure water at this temperature, the total oxvgen and carbon 
dioxide present at the beginning and at the end of the experiment in 
both air and water were calculated, the usual correction for barometer, 
water vapor, etc., being applied. The results of a typical experiment 
are as follows: 
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SAMPLE EXPERIMENT 


Tonometers..... aes = a V 
Volume of tonometers......... Si or gixrnigiaik ace 9 din 99.47 cc. 
Volume of suspension... .. See ee, cece ees, Meee 45.01 ce. 
Gas analysis at beginning 
20.91% 19.29% 
0.04% 7.50% 
79.05% 73.21% 


18.71% 17.22% 
’ eee 0.88% 8.61% 
Ne cereas ere: 79.05% 73.21% 
Oxygen in air and water 
at beginning..... i... SGRRee: 10.746 cc. 
atend... 10.403 cc. 9.593 cc. 
Oxygen consumption..... es 1.223 ce. 1.153 ce. 
Carbon dioxide in air and water 
EIS oo. c a wile ayes cee 0.036 ce. 6.788 cc. 
at end.. aon 0.793 cc. 7.789 ce. 
Carbon dioxide production. . . 0.757 cc. 1.001 cc. 
Volumes corrected to dry values at 0° C. and 760 mm. Hg 
Oxygen consumption 1.081 ce. 1.019 ce. 
Carbon dioxide production. ...... . 0.669 cc. 0.885 cc. 
Respiratory quotient . 0.618 0.868 
Oxygen tension in mm. Hg ..+« 153.4-137.2 141.5-126.3 
Carbon dioxide tension in mm. Hg. 0.3- 6.4 55.0-63.1 


? 


Ratio oxygen consumption = = 0.942 


VI 


— oa ? 
ay = 1.322 


Ratio carbon dioxide production 


The results obtained in forty-five experiments are given in Table 
Land Fig. 1. It will be noted that at a carbon dioxide tension of about 
15 mm. Hg, the curve of the rate of oxygen consumption rises, reaching 
a maximum at approximately 40 mm. Hg and, crossing the line of 
the control rate of oxygen consumption at about 67 mm. Hg, falls away 
at the higher tensions. 

Examination of the tonometers with a low powered binocular micro- 
scope showed that an exposure of three hours to a carbon dioxide 
tension of about 150 mm. Hg noticeably decreased the motility of the 
protozoa. At about 220 mm. Hg the cells became shorter and thicker 
and the nuclei became more clearly visible, standing out sharply from 
the rest of the protoplasm. When the animals were subjected to a 
tension of 250 mm. Hg for three hours, some were irreversibly affected 
by the gas. 


In all experiments, the oxygen tension was kept above 62 mm. Hg. 
Amberson (1928) has shown that the rate of oxygen consumption of 
Paramecium is constant between 200 and 50 mm. Hg partial pressure, 
so it is unlikely that the results here reported were due to a lack of 













Respiration of Paramecium at Different Carbon Dioxide 
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| 2.079 


Respiration in Respiration in Ratio Ratio 

. ‘ . . Tonometer A Tonometer B Ox CO: 
Experi- | CO2 Tensions Con- Pro- 
ment | in ; | sumption} duction 

No. | Tonometer B . le > | . | CO. Pro.| B | 3 
| oer ao (aor eer ae | 2 |Z 

| —} | - - —_ -_ a 

| mm. Hg ce. ce. | ce. ce. 

1 | O04 3.6) 0.381 | 0.256 | 0.669) 0.357 | 0.254 | 0.711 | 0.936 0.999 
2 0.3— 12.1 | 1.159 | 0.871 | 0.751} 1.116 | 0.924 | 0.827| 0.962 | 1.060 
3 0.4— 7.4] 1.169 | 0.731 | 0.625] 1.154 | 0.692 | 0.599} 0.987 | 0.946 
4 1.0- 8.1 | 1.264 | 0.647 | 0.511 | 1.302 | 0.732 | 0.562| 0.970 | 1.131 
5 16.7— 26.4| 1.305 | 0.848 | 0.650| 1.315 | 1.042 | 0.780| 1.007 | 1.228 
6 | 25.8- 33.9| 0.776 | 0.535 0.601 | 0.817 | 0.895 | 1.096| 1.052 | 1.672 
7 29.1— 39.1 | 1.232 | 0.813 | 0.659| 1.359 | 1.083 | 0.796| 1.103 | 1.332 
8 | 34.4- 37.4] 0.410 | 0.288 | 0.702 | 0.452 | 0.347 | 0.729| 1.102 | 1.204 
9 | 39.3- 43.1 | 0.592 | 0.266 | 0.450} 0.652 | 0.315 | 0.484) 1.101 | 1.184 
10 | 42.7- 50.3 | 0.813 | 0.474 | 0.613} 0.907 | 0.713 | 0.823} 1.115 | 1.504 
11 | 43.0- 52.3} 1.565 | 0.810 | 0.525 | 1.628 | 1.004 | 0.617} 1.040 | 1.239 
12 | 44.8- 54.2| 0.813 | 0.511 | 0.617 | 0.886 | 1.012 | 1.144] 1.067 | 1.980 
13 | 48.0— 49.8] 0.572 | 0.296 | 0.519 | 0.574 | 0.181 | 0.318} 1.004 0.611 
14 | 50.9- 58.2| 1.314 | 0.789 | 0.601 | 1.485 | 0.779 | 0.525| 1.130 | 0.987 
15 | 52.4- 61.4| 1.235 | 0.776 | 0.619} 1.312 | 0.977 | 0.740| 1.047 | 1.259 
16 | 62.5- 69.5] 1.117 | 0.599 | 0.536] 1.187 | 0.763 | 0.642} 1.062 | 1.273 
17 | 69.3~ 75.3| 1.622 | 0.923 | 0.569] 1.504 | 0.651 | 0.432| 0.927 | 0.705 
18 | 69.8- 79.0) 1.674 | 0.925 | 0.552| 1.573 | 0.889 | 0.565| 0.939 | 0.961 
19 | 80.5- 90.9} 2.370 | 1.119 | 0.472) 2.118 | 1.142 | 0.539| 0.893 | 1.020 
20 | 90.6- 97.3 | 0.774 | 0.554 | 0.716| 0.644 | 0.662 | 1.027} 0.832 | 1.176 
21 91.4-110.8 | 3.260 | 1.859 | 0.570} 3.021 | 2.018 | 0.668 | 0.926 | 1.085 
22 | 94.7-100.9 | 0.864 | 0.643 | 0.744 | 0.810 | 0.589 | 0.727 | 0.937 | 0.916 
23 | 102.6-118.8 | 2.417 | 1.448 | 0.599 | 2.222 | 1.689 | 0.760} 0.919 | 1.166 
24 | 105.6-127.4 | 3.839 | 2.152 | 0.565 | 3.495 | 2.334 | 0.667| 0.910 | 1.089 
25 | 126.7-135.3 | 0.863 | 0.565 | 0.654 | 0.736 | 0.814 | 1.105} 0.852 | 1.440 
26 | 140.9-149.9 | 1.197 | 0.812 | 0.678} 0.950 | 0.964 | 1.014| 0.793 | 1.187 
27. ‘| 141.6-151.4 | 0.872 | 0.645 | 0.739| 0.594 | 1.071 | 1.803| 0.681 | 1.660 
28 | 155.0-164.8 | 1.228 | 0.789 | 0.642 | 0.927 | 1.004 | 1.083 | 0.754 | 1.272 
29 | 158.2-166.2| 1.710 | 1.015 | 0.593} 1.333 | 1.213 | 0.909| 0.779 | 1.195 
30 | 160.8-171.2| 1.246 | 0.888 | 0.712} 0.791 | 1.027 | 1.298} 0.634 | 1.156 
31 | 167.3-173.7 | 0.827 | 0.514 | 0.621 | 0.534 | 0.473 | 0.885| 0.645 | 0.920 
32 | 173.8-185.3 | 2.196 | 1.308 | 0.595} 1.494 | 1.334 | 0.893} 0.680 | 1.019 
33 | 181.8-192.8 | 1.293 | 0.997 | 0.771 | 0.892 | 0.867 | 0.972| 0.689 | 0.869 
34 | 202.2-204.1 | 0.970 | 0.667 | 0.687 | 0.506 | 0.184 | 0.363| 0.521 | 0.275 
35 | 206.8-210.8 | 1.499 | 0.946 | 0.631 | 0.702 | 0.395 | 0.562 | 0.469 | 0.418 
36 | 217.4-222.0| 2.032 | 1.124 | 0.553} 1.004 | 0.525 | 0.521 | 0.494 | 0.467 
37 | 224.7-229.4 | 0.828 | 0.488 | 0.589 | 0.511 | 0.502 | 0.982} 0.617 | 1.028 
38 | 224.9-233.5 | 0.918 | 0.509 | 0.554| 0.317 | 0.914 | 2.812] 0.345 | 1.795 
39 | 234.5-241.2 | 0.610 | 0.385 | 0.631 | 0.360 | 0.713 | 1.980| 0.590 | 1.851 
40 fenmsed 0.990 | 0.673 | 0.679 | 0.504 | 0.713 | 1.414] 0.509 | 1.059 
41 | 253.3-257.1| 1.296 | 0.679 | 0.524 | 0.556 | 0.385 | 0.692 | 0.429 | 0.567 
42 | 270.2-276.9| 1.177 | 0.787 | 0.629| 0.454 | 0.693 | 1.526| 0.385 | 0.880 
43 | 277.2-296.7 | 1.010 | 0.628 | 0.852 | 1.711 | 2.008| 0.530 | 1.694 
44 | 353,9-361.0| 1.558 | 1.017 | 0.652| 0.843 | 0.715 | 0.848| 0.541 | 0.703 
45 | 418.1-423.8 | 0.860 | 0.398 | 0.462 | 0.288 | 0.599 0.334 | 1.505 
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Fic. 1. The effect of carbon dioxide upon the oxygen consumption of 

Paramecium. 
Abscissa: upper row of figures = mm. Hg carbon dioxide tension, 

lower row of figures = pH. 
oxygen consumption in carbon dioxide tonometer 
oxygen consumption in control or air tonometer ° 
—z=carbon dioxide experiments. 
@ = hydrochloric acid experiments. 








Ordinate = 


oxygen. It is, of course, possible that the oxygen tension at which the 
effects of oxygen deficiency appear, may not be the same in the presence 
of high tensions of carbon dioxide as in the relative absence of this 
gas. If the above experiments had been carried out in the region of 
oxygen deficiency, however, even slight increases in the oxygen tension 
would have resulted in an increased rate of oxygen consumption. That 
this was not the case is shown by a comparison of experiments 18 and 
19 (Table 11) which show that when the oxygen tension in tonometer 
B (CO,) in experiment 18 was 62 per cent greater than that in tonom- 
eter B (CO.), experiment 19, the differences in the rates of oxygen 
consumption lay within the error of the method. The carbon dioxide 
kh tensions in the two tonometers B (CO,) do not differ by enough to 
affect appreciably the rates of the oxygen consumption in the two ex- 














periments. 
Taste II 
| Ratio 
Experi- Tonometer A | Oz Tonometer B O: | cos- 
ment CO: tension Oz Con- CO: tension Oz Con- sump- 
No. tension sumed tension sumed | tion 
B/A 
mm. Hg | mm. Hg mm. Hg mm. Hg 


18 | 0.30- 9.20 | 156.5-130.3 


.758| 69.8-79.0 | 142.27-115.8 | 1.504 | 0.939 
19 1.774 


1 
0.30-10.64 | 156.8-121.4 | 2.370| 80.5-90.9 | 93.8 — 62.4 0.893 
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The average of the respiratory quotients obtained in air in forty- 
eight determinations was 0.62. This is somewhat lower than the av- 
erage value 0.69 obtained by Amberson (1928) in fourteen experiments. 
An examination of the respiratory quotients in the presence of different 
carbon dioxide tensions (Table 1) shows that these values fluctuate ir- 
regularly between 0.32 and 2.81. When the forty-two experiments, 
carried out at different carbon dioxide tensions, and their controls are 
arranged in seven groups of six experiments each, and the respiratory 
quotients, and ratios of oxygen consumption and carbon dioxide pro- 
duction averaged, Table III is obtained. It will be seen that the rate 
of carbon dioxide production in the presence of carbon dioxide does 
not decrease as does the rate of oxygen consumption, but remains rela- 
tively constant. As a consequence, the respiratory quotients rise pro- 
gressively as the carbon dioxide tension is increased. 


TABLE III 


Summary of Experiments in Table I (Paramecium caudatum) 











sii Ta RO | commotion | Production 
Group | ae i onmen ie COs tonometer | LOetememeter 
| | eter control control 
———$ $$$ —___—__|— naa peecanenresiche icokicange 
ii . a 1.0- 43.1 | 0.610 | 0.741 1.056 1.289 
I....| 10-15 | 42.7- 61.4 | 0.582 | 0.694 1.067 1.096 
HI...| 16-21 | 62.0-110.8 | 0.569 | 0.645 0,929 1.036 
IV...) 22-27 | 91.4-151.4 | 0.663 | 1.012 0.848 1.242 
V 28-33 | 155.0-192.0 | 0.655 | 1.006 0.696 1.072 
VI 34-39 | 202.0-246.0 | 0.574 | 1.205 0.506 0.972 
II 40-45 | 238.0-423.0 | 0.595 | 1.428 0.454 1.068 


It has been clearly shown that carbon dioxide enters cells with ease 
(Jacobs 1920a, 1920b, 1924), whereas hydrochloric acid penetrates 
cells very slowly, if at all (Loeb, 1909, Jacobs 1924). In order to 
determine whether carbon dioxide decreases the rate of oxygen con- 
sumption by some internal action on the cell, or merely by increasing 
the acidity of the external solution, a group of nine experiments was 
performed to determine the effects upon the respiration of Paramecium 
of approximately the same degrees of acidity produced by hydrochloric 
acid. 
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Boiled, filtered, cooled, pond water was equilibrated at different 
carbon dioxide tensions, and the hydrogen ion concentrations determined 
electrometrically, using a closed quinhydrone electrode (Fig. 2). The 
pond water, though poorly buffered, contained bicarbonate in a concen- 
tration approximately 0.00014 M. This was sufficient to give relatively 
stable potentials. The pH readings were accurate to 0.04 of a pH unit 
as shown by determinations made upon known solutions and by com- 
paring a series of readings. 





Fic. 2. Closed quinhydrone electrode. 


To obtain hydrogen ion concentrations by means of hydrochloric 
acid, corresponding to those produced by carbon dioxide, pond water 
was made bicarbonate free by adding concentrated hydrochloric acid 
to bring it to a pH of 3 to 4, and aerated over night. It was then re- 
turned to the desired pH by the addition of concentrated sodium hy- 
droxide. 

The calculations of oxygen consumption and carbon dioxide pro- 
duction at different pH values appear in Table IV and Fig. 1. These 
results indicate that hydrochloric acid has no effect upon the respiration 
of P. caudatum at pH values as low as 4.5. The protozoa appeared 
in no way injured by these experiments. 
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TaBLe IV 


The Effect of Hydrochloric Acid on the Respiration of Paramecium 


Ratio Oz 
Experi- Tonom- Consump- 
ment eter B 2 tion 
No. pH ’ COz Oz B 
. Pro- RQ Con- - 
duced sumed 


Resp. in Tonometer A Resp. in Tonometer B 
{ 
| 





ce. ce. 
0.626 | 0.832 | 0.813 t 
0.526 | 0.609 | 0.887 . 0.618 1.026 
0.673 | 0.604 1.119 d 0.561 1.005 
0.970 | 0.473 | 0.487 | 0.992 f 0.517 1.022 
1.202 | 0.830 | 0.690 1.157 . 0.756 0.962 
0.805 | 0.614 | 0.762 | 0.783 . 0.786 0.972 
1.229 | 0.868 | 0.706 1.178 i 0.787 0.958 
0.977 | 0.561 0.574 | 0.942 q 0.699 0.964 
0.618 | 0.466 | 0.754 | 0.610 ; 0.885 | 0.987 


SOU whe 








oo 








EXPERIMENTS ON FERTILIZED ARBACIA Eccs 


Since it was impossible to determine how much of the depression 
in the rate of oxygen consumption of Paramecium was due to a sup- 
pression of the oxidative mechanism, and how much was dependent 
upon the decreased motility of the organism, it was necessary to per- 
form similar experiments upon a non-motile cell. Experiments were, 
therefore, carried out on the fertilized eggs of Arbacia punctulata at 
Woods Hole. 

The eggs were removed from the female, freed of ovarian debris 
by straining through cheese cloth, and washed in several changes of 
sea water. A heavy suspension of cells was secured by allowing the 
eggs to sediment in several finger bowls, and decanting the supernatant 
sea water. Eggs from twelve to fifteen females were used in each ex- 
periment. After fertilization, the excess spermatozoa were removed 
by allowing the cells to sediment in several changes of sea water. The 
suspension was then divided into two parts by means of the “ mixer.” 
used in the experiments with Paramecium. The two suspensions were 
equal to within 10 per cent as measured by the respiratory exchange 
in control experiments. The tonometers used in the experiments on 
Paramecium were also employed in these experiments. 

At times varying from twenty to sixty minutes after fertilization, 
the suspensions were equilibrated simultaneously with air and with 
different carbon dioxide tensions in the same manner as described for 
Paramecium. At the conclusion of the equilibration in the water bath, 
the two tonometers were closed in such a manner that the contained 
gas was left at atmospheric pressure and at a temperature of 20.6° + 
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0.3° C. Initial gas samples were secured in Bailey bottles as in the 
experiments with Paramecium. The tubes were then rotated on their 
long axes thirty to sixty times a minute at the equilibration temperature. 
Under these conditions the eggs were evenly distributed throughout 
the suspension. Cleavage proceeded in the normal manner, but it 
was somewhat delayed in time. A quantitative study of the retardation 
in cleavage at different carbon dioxide tensions will be published else- 
where by Haywood and Root (1930). Eighty to one hundred per cent 
cleavage was obtained in all the air tonometers except those indicated 
in Table V. Cytolysis during the experiments was not observed when 


fertilized eggs were used, although unfertilized eggs were found to be 
extremely fragile. 


TABLE V 
Respiration of Fertilized Arbacia Eggs at Different Carbon Dioxide Tensions 


Respiration in Respiration in : : 
Tonometer A Tonometer B — nae 
Experi- | COs: Tensions = siecle italics. Gee Pro- 
ment in | sumption | duction 
No. Tonometer B Oz CO2 Oz COz B B 
Con- Pro- Con- Pro- RQ z a 
sumed | duced sumed | duced f . 





mm. Hg ce. ce. ce. cc. 
0.38— 2.92) 0.722 | 0.346 | 0.479 | 0.664 | 0.318 | 0.486} 0.920 0.919 
0.30—- 7.85) 1.069 | 0.803 | 0.751 | 1.005 | 0.848 | 0.843} 0.940 1.056 
0.30— 5.03] 0.816 | 0.504 | 0.619 | 0.762 | 0.550 | 0.722 | 0.934 1.091 
1.27— 10.07} 1.285 | 0.963 | 0.749 | 1.161 | 0.844 | 0.726) 0.903 0.876 
1.55— 6.55] 0.471 | 0.401 | 0.851 | 0.446 | 0.365 | 0.817 | 0.946 0.910 
6.72— 10.82) 1.031 | 0.734 | 0.711 | 0.823 | 0.436 | 0.529} 0.798 0.594 
6.97— 14.24] 1.319 | 0.924 | 0.700 | 1.022 | 1.086 | 1.062} 0.774 1.175 
9.74— 19.77| 2.406 | 1.564 | 0.650 | 1.755 | 1.178 | 0.671 | 0.722 0.753 
12.58— 14.72) 0.456 | 0.335 | 0.734 | 0.320 | 0.228 | 0.712} 0.702 0.680 
16.23— 21.51] 1.823 | 1.380 | 0.757 | 0.964 | 0.559 | 0.579 | 0.529 0.405 
19.96— 25.19] 1.794 | 1.163 | 0.648 | 0.993 | 0.603 | 0.607 | 0.553 0.518 
25.40— 27.03) 0.506 | 0.345 | 0.681 | 0.220 | 0.172 | 0.786} 0.434 0.498 
27.58— 29.28) 1.154 | 0.848 | 0.734 | 0.426 | 0.175 | 0.410} 0.369 0.206 
34.67— 37.88] 1.013 | 0.646 | 0.637 | 0.295 | 0.345 | 1.169} 0.291 0.534 
37.80— 40.68) 1.103 | 0.910 | 0.804 | 0.324 | 0.306 | 0.928 | 0.293 0.336 
42.33— 44.57) 0.925 | 0.683 | 0.738 | 0.206 | 0.232 | 1.126] 0.222 0.339 
43.80— 45.07] 0.608 | 0.359 | 0.590 | 0.173 | 0.131 | 0.754 | 0.284 0.365 
51.73— 52.48} 0.629 | 0.575 | 0.914 | 0.144 | 0.081 | 0.562} 0.229 0.140 
58.43— 60.16) 1.111 | 0.761 | 0.685 | 0.205 | 0.181 | 0.882 | 0.184 0.236 
63.93— 65.14} 0.999 | 0.829 | 0.829 | 0.339 | 0.131 | 0.386} 0,339 0.157 
64.59— 65.49) 0.883 | 0.629 | 0.712 | 0.187 | 0.101 | 0.540} 0.211 0.160 
71.51— 72.56} 0.860 | 0.588 | 0.683 | 0.197 | 0.112 | 0.577 | 0.229 0.190 
85.50— 87.94] 0.992 | 0.729 | 0.734 | 0.343 | 0.192 | 0.560} 0.345 0.263 
86.90— 88.02) 0.615 | 0.439 | 0.713 | 0.178 | 0.119 | 0.669} 0.289 0.271 
124.99-125.75) 0.558 | 0.356 | 0.638 | 0.185 | 0.075 | 0.405| 0.331 0.210 
131.61—133.33) 0.793 | 0.570 | 0.718 | 0.143 | 0.184 | 1.286} 0.180 0.322 
139.79-140.41| 0.543 | 0.387 | 0.712 | 0.147 | 0.065 | 0.442 | 0.270 0.168 
162.92-163.15| 0.972 | 0.775 | 0.797 | 0.176 | 0.024 | 0.136| 0.181 0.030 
176.02-177.19| 0.558 | 0.413 | 0.740 | 0.045 | 0.125 | 0.277} 0.081 0.302 
| | | 
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* Less than 80 per cent cleavage in air tubes. 
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In the experiments whose duration deviated from three hours, the 
respiratory exchange was calculated for this time. At 20° C., the first 
cell division occurred about one hour after fertilization in the control 
tonometers. At the end of two hours the cells were in the four and 
eight cell stages; at the end of three hours, they were in the sixteen 
and thirty-two cell stages. The material was not, therefore, unicellular 
throughout the whole experiment. No differences were observed in 
the effects of carbon dioxide upon the rate of oxygen consumption in 
experiments in which the egg had started to cleave before introduction 
into the tonometers, as compared with eggs which had not started to 
cleave at that time. 

At the end of the experiment, samples of gas were secured from 
both tonometers and analyzed. The amounts of oxygen and of carbon 
dioxide in the gas and in the sea water were then calculated for the 
beginning and for the end of the experiments. For this calculation, the 
absorption coefficients for oxygen and carbon dioxide in sea water given 
by Krummel (1907) were used. 

The results obtained in twenty-nine experirm ‘its are given in Table 
V and shown graphically in Fig. 3. It will be observed in Fig. 3 
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8.16 6.25 5.96 5.80 5.68 5.58 5.50 


Fic. 3. The effect of carbon dioxide upon the oxygen consumption of fer- 
tilized Arbacia eggs. 
Abscissa and ordinate as in Fig. 1. 


—-z=carbon dioxide experiments. 
@ =hydrochloric acid experiments. 


that, for each 10 mm. increase in the carbon dioxide tension up to 
30 mm. Hg, there is a 21 per cent decrease in the rate of oxygen con- 
sumption. Above 30 mm. Hg, further increases in the carbon dioxide 
tension have a relatively slight effect upon the rate of oxygen con- 
sumption. 
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The average of the respiratory quotients obtained in air in thirty-two 
determinations was 0.71, which is lower than the average value of 0.78 
obtained by Amberson (1928) in twenty experiments. The respiratory 
quotients in the presence of carbon dioxide must be interpreted with 
caution, for they range irregularly between 0.14 and 1.29. When the 
twenty-five carbon dioxide experiments in Table V are arranged in five 
groups of five experiments each, and the respiratory quotients and 
ratios of oxygen consumption and carbon dioxide production averaged, 
Table VI is obtained. It may be observed that, in the presence of 
carbon dioxide, the respiratory quotients are slightly higher than the 
control values up to 60 mm. Hg carbon dioxide tension. Above this 
tension, the respiratory quotients are lower. The carbon dioxide pro- 
duction and the oxygen consumption both decrease as the carbon dioxide 
tension increases. 


TABLE VI 


Summary of Experiments in Table V (Fertilised Arbacia Eggs) 


| 


| Ratio Oo 


Ratio COz 


| 





Group| Experi: | COnTension | RO, | G8, | Gonmumotion, | coreucio, 
ments mm. Hg Control Tonemeter eee tl 
Riwace 5-9 1.6- 19.8 0.729 0.758 0.788 0.822 
II....] 10-14 16.2— 37.9} 0.691 0.710 0.435 0.432 
Iil...| 15-19 37.8— 60.2| 0.746 0.850 0.242 0.283 
IV...| 20-24 63.9- 88.0] 0.734 0.546 0.282 0.208 
V....| 25-29 |125.0-177.2| 0.721 | 0.509 0.208 0.206 


In order to determine whether carbon dioxide decreased the rate 
of oxygen consumption of fertilized Arbacia eggs by some internal 
effect, or merely by changing the pH of the sea water, a group of ex- 
periments was carried out in which approximately the same pH range 
was produced with hydrochloric acid which enters cells with difficulty, 
if at all. In these experiments, sea water was first made bicarbonate- 
free by adding concentrated hydrochloric acid to bring it to a pH of 
3 to 4, and was erated overnight. It was then returned to the desired 
pH by the addition of concentrated sodium hydroxide. The hydrogen 
ion concentration was determined by means of a quinhydrone electrode 
with an accuracy of 0.02 to 0.03 pH. The pH so obtained was com- 
pared with that of sea water at different carbon dioxide tensions as 
determined by Henderson and Cohn (1916). 
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The results of these experiments show a noticeable, but much smaller 
depression of the rate of oxygen consumption beginning at about pH 
6.2 (corresponding to 35 mm. Hg carbon dioxide tension), and falling 
to about 62 per cent of the control at pH 5.6 (corresponding to that 
of sea water in equilibrium with carbon dioxide at 140 mm. Hg). 


(Table VII and Fig. 3.) 
TasLe VII 


The Effect of Hydrochloric Acid on the Respiration of Fertilized, Arbacia Eggs 











Resp. in Tonometer A Resp. in Tonometer B 
. ‘ Ratio O2 
Experi- Consumption 
ment B 


Tonometer B 
pH Oz CO: CO: = 
Con- Pro- RQ Pro- RQ A 
sumed | duced s duced 


aa ce. 


. ce. ‘ 

0.670 | 0.302 | 0.450 ; 0.289 | 0.410 1.048 
0.598 | 0.282 | 0.471 ‘ 0.302 | 0.549 0.919 
0.661 — —_ 0.200 | 0.317 0.953 
0.473 | 0.255 | 0.539 t 0.237 | 0.585 0.856 
0.541 | 0.054 | 0.099 ; 0.220 | 0.527 0.770 
0.448 | 0.207 | 0.462 ; 0.172 | 0.618 0.620 

















DISCUSSION 


While the increased rate of oxygen consumption of Paramecium. 
between carbon dioxide tensions of 15 and 66 mm. Hg probably lies 
within the experimental error, no experiment within this range resulted 
in a decreased rate of oxygen consumption. Since it is generally known 
that carbon dioxide causes an initial increase in the motility of Para- 
mecium and other ciliates, followed by a decrease, it is suggested that 
the increased rate of oxygen consumption observed is a result of the 
increased motility of the organisms induced by carbon dioxide. This 
view is strengthened by the experiments performed upon Arbacia eggs 
in which there was no independent motility, and in which no increase 
in the rate of oxygen consumption was observed at any carbon dioxide 
tension. 

Hydrochloric acid exerts a far less profound effect upon the rate 
of oxygen consumption of Paramecium and the fertilized eggs of 
Arbacia than does carbon dioxide at the same pH. Jacobs (1920q, 
1920b, 1924) has shown that carbon dioxide far surpasses the acids 
which he studied in the rapidity with which its effects are produced. 
Hydrochloric acid, on the other hand, penetrates cells very slowly, if 
at all (Loeb, 1909; Jacobs, 1924). The differences in the results ob- 
tained by the action of carbon dioxide and of hydrochloric acid upon 
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the rate of oxygen consumption of fertilized Arbacia eggs and Parame- 
cium may perhaps be interpreted as due to differences in the ability of 
the two acids to penetrate the cell membrane, and to produce within 
the cell changes in pH, though it is, of course, possible that the rela- 
tively profound effect of carbon dioxide upon the rate of oxygen con- 
sumption of these cells may be due to some other specific effect of its 
molecule. 

The respiratory quotients of Paramecium rise progressively as 
the carbon dioxide tension is increased (Table III). It is possible 
that the suppression of oxidations under these conditions results in the 
production of acid metabolites which drive out carbon dioxide from 
bicarbonate contained in the cells and in the surrounding medium. The 
respiratory quotients of the sea urchin eggs, however, do not increase 
in the presence of high carbon dioxide tensions (Table VI). In these 
cells it is possible that acid substances are not produced when the rate 
of oxygen consumption is decreased by carbon dioxide, or that such 
acid substances may be rapidly reconverted into a non-acid form so 
that they do not accumulate in appreciable amounts. It would appear, 
assuming the absence of gross errors, that the respiratory reactions 
of the two cells to carbon dioxide differ. 

I wish to express my appreciation for the interest and stimulating 
suggestions made by Dr. W. R. Amberson, under whose direction these 
experiments were performed. 


SUMMARY 


1. The respiratory exchanges of Paramecium caudatum and the 
fertilized eggs of Arbacia punctulata have been studied by the method 
of gas analysis. 

2. When Paramecium is exposed to different gas mixtures containing 
carbon dioxide at progressively increasing tensions, the rate of oxygen 
consumption increases slightly at the lower tensions and decreases at 
the higher tensions. The rate of oxygen consumption of fertilized 
Arbacia eggs is depressed by carbon dioxide at all of the tensions studied. 

3. Moderate changes in the pH of the surrounding medium pro- 
duced by hydrochloric acid have no apparent effect upon the rate of 


oxygen consumption of Paramecium. Similar changes in pH produced 
by hydrochloric acid diminish the rate of oxygen consumption of fer- 
tilized Arbacia eggs, although less markedly than does carbon dioxide 
at the same hydrogen ion concentration. The greater effectiveness of 
carbon dioxide in producing changes in the respiratory rate is presum- 
ably related to its greater penetrating power. 
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A QUANTITATIVE STUDY OF THE EFFECT OF CARBON 
DIOXIDE UPON THE CLEAVAGE RATE 
OF THE ARBACIA EGG 


CHARLOTTE HAYWOOD AND WALTER S. ROOT 


(From the Marine Biological Laboratory, Woods Hole, Massachusetts, and the 
Department of Physiology, School of Medicine, University of Pennsylvania) 


In two important respects carbon dioxide claims a place of peculiar 
interest for the physiologist. First, as a metabolic product it is present 
wherever there are active cells. Secondly, as many workers have ob- 
served, it has the effect of very promptly depressing certain cell ac- 
tivities. The exact extent of this depressant action of carbon dioxide 
upon the cells which produce it is an important question yet to be an- 
swered. A step in this direction, however, can be made by a determina- 
tion, as quantitative as possible, of the effect of relatively low, accurately 
measured tensions of carbon dioxide upon some type of cell activity. 

For such a study the fertilized egg of the sea urchin is especially 
useful, since it is less subject to wide variations than are many other 
cells, and since its rate of cleavage provides a convenient means of 
measuring any possible effects produced. Moreover, inasmuch as one 
of us (Root, 1930) has shown that the presence of carbon dioxide 
definitely limits the amount of oxygen consumed by the fertilized Ar- 
bacia egg, it is of interest to ascertain whether this effect of various 
known tensions of carbon dioxide upon cell oxidations is paralleled by 
its effect upon the cleavage rate. 

Haywood (1927) has shown that, if carbon dioxide at a tension 
greater than 20 per cent of an atmosphere is added for even a few 
minutes to the sea water surrounding the newly fertilized eggs of 
Arbacia, cleavage suffers a distinct retardation. It might, therefore, 
be expected that lower tensions of the gas could also delay cleavage 
if administered for longer periods of time. In fact, this was earlier 
demonstrated by Smith and Clowes (1924) by a different method. 
These workers obtained the carbon dioxide from the bicarbonate of 
the sea water by the addition of hydrochloric acid, but with the result 
that the amount of bicarbonate remaining was not constant throughout 
this series of experiments. Since they themselves showed that the 
inhibitory effect of carbon dioxide is increased as the amount of bi- 
carbonate -is decreased, the results obtained by these workers are of 
a relatively complex nature. 
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In the present investigation, the newly fertilized eggs of Arbacia 
were subjected to sea water whose composition was not altered except 
by the addition of carbon dioxide. Moreover, we believe that our 
method has a further theoretical advantage because the data are based 
on the time required for one definite stage in the cleavage process to 
be reached (i.e., the appearance of the first cleavage in 50 per cent of 
the eggs) rather than on the total number of cleavages occurring in 
all of the eggs in some arbitrarily selected time. 


METHOD 


Sea water containing the desired tension of carbon dioxide was 
prepared by equilibration with carbon dioxide-air mixtures, as described 
by Root (1930) elsewhere. This method consisted essentially of bub- 
bling the gas from a mixing bottle into a tonometer containing sea 
yater until the latter was found to be fully equilibrated with the gas, 
at which time duplicate gas samples were taken for subsequent analysis 
with a Bazett modification (1928) of the Haldane-Henderson gas ana- 
lyzer. At the same time a tonometer for the control was equilibrated 
with room air. Our method was slightly modified from that of Root 
in two ways. First, both the carbon dioxide-air mixture and the room 
air used for equilibration were passed through a series of bottles con- 
taining sea water before entering the tonometers, to eliminate any 
possible change in osmotic pressure through evaporation. Secondly, 
the eggs were not added to the tonometers until after equilibration, 
because preliminary control experiments had indicated that the agitation 
of the eggs by the bubbling of the gas apparently had a retarding effect 
upon the rate of cleavage. Since only 0.9 cc. of egg suspension was 
introduced into 75-90 cc. of sea water in the tonometers which were 
used, it will be evident that any change in gaseous content due to the 
addition of the eggs was extremely small. 

The lowering of the oxygen content of the carbon dioxide-air mix- 
ture caused by the addition of the carbon dioxide to room air could 
be entirely disregarded, for a previous study by Haywood (1927) has 
shown that the oxygen tension may be reduced far more than oc- 
curred in these experiments before the cleavage rate is affected by 
lack of oxygen. 

The suspensions of eggs and sperm of Arbacia punctulata which 
were employed were freshly obtained and were freed of debris. A 
preliminary observation of their quality was made by fertilizing samples 
and noting the appearance of the fertilization membrane. The eggs 
were inseminated and then allowed to settle for five or six minutes. 
At the end of that time they were gently centrifuged by means of a 
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hand centrifuge and the supernatant liquid containing sperm was re- 
moved, after which the egg suspension was diluted to the desired con- 
centration by the addition of a small amount of sea water. At exactly 
10 minutes after insemination, 0.9 cc. of the resulting egg suspension 
was introduced into each of the two tonometers, one of which was 
already equilibrated at the desired temperature with a carbon dioxide-air 
mixture, the other, with room air. Besides the two tonometers, a 
glass-stoppered bottle of about 80 cc. capacity, completely filled with 
sea water, also received 0.9 cc. of egg suspension. ‘This bottle was 
useful as a check upon the control tonometer and also allowed inspection 
of the eggs at times when it was not desirable to open the control 
tonometer. . 

A temperature of 20.6° + 0.5° C. was maintained by means of 
ice in all the experiments except those of eight hours’ or more duration. 
In these longer experiments the variations in temperature were not 
more than + 2.0° C, 

After exposure to the gas of the tonometers for varying lengths 
of time, samples of the eggs were obtained for observation. After a 
preliminary precaution of cleaning the outlet tube of the tonometer 
with a stream of sea water, a few drops of the suspension were re- 
moved as a sample. This could be done without the admission of air 
by opening only the lower stop-cock while the tonometer was held in 
the hand for a moment, the warmth of the hand expanding the gas within 
the tonometer sufficiently to force out the sample. Further division 
of the eggs thus removed was immediately prevented by adding a weak 
solution of formaldehyde in sea water, which preserved them until a 
time when they could be accurately counted. It was, of course, neces- 
sary to take as few samples as possible in order to minimize the loss 
of gas from the tonometers. Four or five samples were usually suf- 
ficient to provide the requisite data, cleavage in 50 per cent of the eggs 
being completed in most cases before the third sample was taken. Since 
the samples could ordinarily be obtained within a few minutes of one 
another, the period during which the carbon dioxide tension was slightly 
lowered was a relatively short one. The maximum reduction in tension 
due to total sampling was never greater than 5 per cent. 

The eggs were counted to determine the percentage showing the first 
cleavage. The counts were based upon samples of two hundred or 
more eggs, but occasionally it was necessary to use smaller samples. 
The percentages were then plotted against the time in minutes after 
insemination (Fig. 1). As already stated in an earlier paper (Hay- 
wood, 1927), the resulting curve theoretically represents the number 
of eggs which from minute to minute are undergoing the first cleavage, 


2 





66 CHARLOTTE HAYWOOD AND WALTER S. ROOT 


and from it by interpolation may easily be determined the time required 
for cleavage to appear in any given percentage of eggs. The time 
required for the first cleavage in 50 per cent of the eggs was chosen 
as a convenient criterion of the rapidity of the cleavage process, and 
will be referred to subsequently as the cleavage time. A comparison 
of the cleavage time of the eggs of the two tonometers, therefore, gives 
a basis for studying quantitatively the effect of carbon dioxide upon 
the rate of cleavage. 


20 


PERCENTAGE OF EGGS CLEAVED 


| ee | ee; ee | 
MINUTES AFTER INSEMINATION 


Fic. 1. The cleavage rate of Arbacia eggs during exposure to a carbon 
dioxide tension of 9.5 mm. Hg. 


Abscissa = time, in minutes, after insemination. 
Ordinate = percentage of eggs showing the first cleavage. 
@ exposed eggs. O-—control eggs. 


Both sets of eggs were placed in the tonometers 10 minutes after insemination. 
Temperature = 20.6°-20.8° C. 


RESULTS 


The data of a typical experiment are shown graphically in Fig. 1. 
From the curve at the left, the cleavage time of the control was found 
to be 62.5 minutes, while a similar curve, unquestionably shifted toward 
the right, shows the effect of 9.5 mm. Hg tension of carbon dioxide in 
retarding the cleavage time to 76.5 minutes. This represents a delay 
of 14 minutes. Since exposure to carbon dioxide was not begun until 
10 minutes after insemination, it must be realized that in every case 
the time of exposure was actually 10 minutes less than the time of 
cleavage. Thus, in the experiment cited, the 76.5 minutes measured 
as the cleavage time really represent but 66.5 minutes of exposure, 
and hence the value of 14 minutes given as the delay for the carbon 
dioxide tension employed may differ slightly from that which would 
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have been obtained had the exposure been started immediately after 
fertilization. At the higher tensions of carbon dioxide, the curves 
obtained were somewhat flatter, and the number of eggs ultimately cleav- 
ing was often not as great. Abnormalities of cleavage were also to 
be found at some of the tensions employed. In such cases, the ab- 
normally cleaved eggs were counted separately from the normal ones, 
but the total number of cleavages, abnormal as well as normal, was used 
in determining the cleavage time. 

By means of sets of cleavage curves, obtained as were those in 
Fig. 1, the retardation of cleavage was determined for twenty-five dif- 
ferent tensions of carbon dioxide, covering a range of from 1.8 mm. 
Hg to 44.0 mm. Hg. Some variation is naturally to be expected, espe- 
cially since the range of carbon dioxide tensions employed was a rela- 
tively narrow one. Nevertheless, the general trend of the data is 
wholly obvious, as may be seen by observing Fig. 2. The pH values 
were taken from the data of Henderson and Cohn (1916). Tensions 
of as low as 4 mm. were able to retard cleavage 9 minutes, while one 
of 15 mm., which corresponds to about 2 per cent carbon dioxide, de- 
layed it 16 minutes or more. With higher tensions of carbon dioxide, 
up to about 35 or 40 mm., the retardation was correspondingly greater. 
At tensions of 35 or 40 mm. and above, small increments of the gas 
were found to inhibit cleavage to a degree which was proportionally 
much greater than at lower tensions, and the curve, therefore, ascends 
steeply from this point on. 

Whatever may be the importance of this critical tension of carbon 
dioxide, the effectiveness of very small amounts of the gas in retarding 
cleavage seems of real significance. Since tensions of the gas corre- 
sponding to 1 or 2 per cent—values which may conceivably approach 
carbon dioxide concentrations under conditions of crowding—are capable 
of causing an easily observed delay, it is apparent that the cells are 
highly sensitive to this gas. 

The effects of carbon dioxide upon cell division appear quantitatively 
quite similar to those upon cell oxidations. This may readily be seen 
by comparing our curve in Fig. 2 with that obtained by one of us 
(Root, 1930) when the oxygen consumption of the eggs is plotted 
against the carbon dioxide tensions of the medium. It should be noted 
that both curves bend sharply at relatively the same carbon dioxide ten- 
sion,—namely, at 35-40 mm. Hg. Apparently carbon dioxide acts 
upon some system within the cell which results in a depressed rate of 
oxygen consumption and an increased cleavage time. 

As was mentioned earlier, when eggs were found to have divided 
abnormally in solutions containing carbon dioxide, the total number 
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of cleavages, abnormal as well as normal, was used in plotting the 
cleavage curves. Therefore a different set of symbols was used in 
Fig. 2 to designate cleavage times in eggs where abnormalities resulted 
from exposure to the carbon dioxide. An examination of the relative 
number of abnormal and normal cleavages occurring at twelve different 
carbon dioxide tensions between 25.6 and 49.4 mm. Hg inclusive, showed 
the average ratio of abnormal to normal cleavages to be 2.5. The ratios 
ranged from 1 to 5.5 and tended to be somewhat higher for the higher 
carbon dioxide tensions. 
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Fic. 2. The retardation of the first cleavage of Arbacia eggs during 
posure to various carbon dioxide tensions. 

Abscissa = carbon dioxide tension in mm. Hg; pH is also given. 

Ordinate = minutes of retardation of the first cleavage. 

© => cleavages normal in at least 95 per cent of the cleaved eggs. 

+ = abnormal cleavages included. 


A = values approximate only, since these were obtained by extrapolation. 
Temperature = 20.6° + 0.5° C. 


After determining the extent to which cleavage was retarded by 
relatively low tensions of carbon dioxide, we next undertook to ascertain 
the tension of this gas which would be required to suppress cleavage 
completely. In these experiments, the eggs were exposed to carbon 
dioxide for eight hours or more, at the end of which time samples 
were taken and the percentage of cleaved eggs noted. Two controls 
were always carefully made in these experiments: First. a count was 
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made of eggs which had been fixed in formaldehyde soon after fer- 
tilization, in order to make sure that no cleaved eggs were accidentally 
present ; secondly, a count was made of eggs which had been kept for 
at least an hour in ordinary sea water, in order to determine whether 
or not the eggs used were fully capable of undergoing division. If 
the exposed eggs showed no cleavage in eight hours, the suppression 
of cleavage was regarded as complete. Such completely suppressed 
eggs were found to show no abnormalities in appearance, but retained 
completely the appearance of newly fertilized eggs. The results ob- 
tained are shown in Fig. 3, where the percentage of eggs cleaved is 
plotted against the tension of carbon dioxide used. Although variations 
in the results obtained with different groups of eggs make it impossible 
to designate any one tension of carbon dioxide as the threshold for 
the complete suppression of cleavage, the data are sufficiently consistent 
to allow a tentative estimate of 120 to 130 mm. Hg carbon dioxide 
for this value. This would correspond to 16 to 17 per cent carbon 
dioxide at 760 mm. Hg and 20.6° C., or a solution one-sixth saturated 
with carbon dioxide. 
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Fic. 3. The point of complete suppression of Arbacia eggs with carbon 
dioxide. 

Abscissa = carbon dioxide tension in mm. Hg; pH is also given. 

Ordinate = percentage of eggs showing the first cleavage after exposure of 
eight hours or more to carbon dioxide. Abnormals as well as normals are included. 

The various symbols represent the different egg suspensions used. 

Temperature = 20.6° + 2.0° C. 
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This value of 16 to 17 per cent carbon dioxide, which is required 
for total inhibition of cleavage, is in wide disagreement with the 3.8 
per cent obtained by Smith and Clowes (1924) at 20.0° C. It is im- 
portant to realize, however, that the method of these investigators of 
liberating carbon dioxide from the bicarbonate of sea water by adding 
strong acid introduces a second variable—a varying bicarbonate con- 
tent. These authors point out that, with a diminished bicarbonate con- 
tent, the effect of carbon dioxide is more pronounced. The experi- 
mental conditions of Smith and Clowes’ work differ sufficiently from 
those of ours to make difficult an agreement between the two sets of 
values. 


SUMMARY 


1. Sea water equilibrated with analyzed carbon dioxide-air mixtures 
was found to retard the first cleavage of Arbacia eggs which were in- 
troduced into the mixture ten minutes after insemination. 

2. A measurable delay of cleavage occurred at tensions of carbon 
dioxide of as low as 4mm. Hg. Retardation was progressively greater 
up to 120-130 mm. Hg, at which point complete suppression occurred. 
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NOTES ON THE DEVELOPMENT OF FRAGMENTS OF THE 
FERTILIZED CHAETOPTERUS EGG 


EDMUND B. WILSON 


(From the Marine Biological Laboratory, Woods Hole, and the Department of 
Zoélogy, Columbia University) 8 


In a preceding paper (1929) it was shown that fertilized fragments 
of the unfertilized Chetopterus egg may segment exactly like whole 
eggs, at least as far as the 16-cell stage, and may develop into swimming 
dwarf larve that are sometimes closely similar to the normal whole 
trochophores. The experiments here reported were undertaken in the 
hope of obtaining light on progressive localization in this egg prior 
to cleavage by comparing the behavior of fragments of fertilized eggs 
taken at successive intervals during the maturation-fertilization period, 
somewhat as was long ago undertaken in the case of the nemertine egg 
by Yatsu (1904, 1910) and by Zeleny (1904). In this respect the re- 
sults of numerous experiments have been disappointing; but some of 
the incidental ones may be suggestive of further work. No report is 
here offered concerning the later stages of development; but it may be 
stated that a certain number of swimming dwarf larve are produced 
from the fragments, among them a few that approach the normal form. 
Thus far, however, none have been seen that were completely normal. 


I 


The experiments clearly show that up to the completion of matura- 
tion, the first cleavage of fragments of fertilized eggs does not differ 


1 The method of fragmentation was for the most part the same as in my 
preceding work (1929), namely, by centrifuging the eggs at high speed. In that 
work, by ani error, the speed of rotation was stated to have been about 7,000 
revolutions per minute; but this was too high. In the present case the speed, 
though not precisely determined, was not far from half that, and the time was 
reduced to 3-5 minutes. The proper speed and time for good fragmentation is 
easily determined by a few trials. A good many eggs were also cut in two in- 
dividually by the glass hair; but the centrifuge method yields fragments in 
much greater numbers and of greater viability. Only eggs and sperm were used 
that showed in controls at least 98-100 per cent of normal 2-cell stages. ‘The 
statistical results were obtained mainly from material fixed with dilute osmic 
acid, which when properly used gives perfect preservation of external form. 

Im these eggs, as is well known, maturation is initiated almost immediately 
after the eggs are set free into the sea-water, but proceeds no further until after 
fertilization. The times given vary more or less with temperature and other 
conditions. 
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in any very striking way from that of fertilized fragments of unfer- 
tilized eggs. In both alike a high percentage of the fragments divide 
unequally in nearly or quite the same proportions as in the development 
of whole eggs, producing 2-cell stages that appear as miniatures of 
the whole eggs at the same stage.* At the time of maturation a slight 
falling off of normal 2’s is noticeable, owing to a corresponding rise in 
the percentage of abnormal cleavages; but it is uncertain whether this 
is significant. At any rate, the first marked change appears suddenly 
in fragments from eggs centrifuged at a critical period that begins 
about 10-15 minutes after extrusion of the second polocyte. At this 


TABLE I * 


Fragments of Unfertilized and Fertilized Eggs 


Time of placing on centrifuge for 3-5 minutes Total number Normal 2-cell stages 
of fragments 


Before fertilization 1350 1141 = 85 per cent. 


Before fertilization 155 135 = 88 per cent. 


12-13 minutes after fertilization 352 = 81 per cent. 


25 minutes after fertilization, just before 111 75 per cent. 
first polocyte 


2 minutes after first polocyte 68 per cent. 


2 minutes after second polocyte . 69 per cent. 





10 minutes after second polocyte 155 4 per cent. 


* Percentages in both tables are the nearest whole numbers. Nos. 2 and 7 
are from different portions of the same lot of eggs. 


time, as pointed out by Titlebaum (1928), the egg assumes a slightly 
marked pear-shape with the narrower end exactly at the upper pole.* 
Fragments produced by centrifuging the egg at this time show a sudden 
and marked drop in the percentage of normal first cleavages—often 
down to 10 per cent or less—and a corresponding rise in that of equal 
or sub-equal ones (Figs. 1-3), though a certain number of other ab- 

2 Cf. Lillie (1909), Wilson (1929). 

3’ This stage was long ago figured by Mead (1898) who showed, as I have 
also found, that the pear-shape appears during the approach and conjugation of 
the pro-nuclei and persists until shortly after the fusion-nucleus breaks down. 
Soon after the latter event the egg again becomes spheroidal, and then again 
pear-shaped, but now with the narrower end towards the lower pole. Immediately 
afterwards the polar lobe bulges forth at the lower pole and cleavage quickly 
follows, about 25-30 minutes after extrusion of the second polocyte. 
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normal forms also are commonly seen. These facts are in part shown 
in Table I. In the first line, for comparison, are shown the combined 
results of nine control experiments, with fertilized fragments of the 
unfertilized egg. Lines 3-7 give the results of a series of six experi- 
ments with fertilized eggs fragmented at successive intervals during 


Tasce II f 
(a) Fertilized Fragments of Unfertilized Eggs 


. 
Total 
number Normal Equal or Too 
of 2's sub-equal | unequal 
fragments 


234 |214=90%| 12=5% 


(b) Fragments from a single batch of fertilized eggs placed for 5 minutes on the centri- 
fuge at the same time (rather late pear, 19 minutes after first polocyte) and then 
fixed in osmic acid at successive intervals for examination. The first cleavage 
of the fragments occurred about eight and a half minutes after release from cen- 
trifuge. 








| 
Total Normal Equal or Too 


Time of fixation aussher 2's sub-equal | unequal 
2's 





2 | 134 minutes after removal 49 18 =37%| 27 =55%| 4= 8% 
from centrifuge 


3 | 184 minutes after removal 100 33 =33%| 56 =56%)| 10=10% 
from centrifuge 


4 | 27 minutes after removal 98 18 =18%| 12=12%) 3= 3%)|51= |14= 
from centrifuge 52%| 14% 

5 | 32 minutes after removal 98 10=10%| 8= 8% 4=4%)62= |14= 
from centrifuge 63%) 14% 














7 It is probable that many of the forms listed as “ 3’s” in the table are actually 
crossed 4’s seen in foreshortened view, as explained in the text. It is possible, 
too, that most of the 2’s remaining in line 5 may have stopped developing, as 
often happens in these cultures. 


the maturation-fertilization period. These results are typical of a 
much larger series except that the last item (No. 7) is selected as show- 
ing an especially low number (4 per cent) of normal 2’s. As a control 
for this case, No. 2 shows a portion of the same batch of eggs, frag- 
mented before fertilization, showing 88 per cent of normal 2’s. 

The percentages vary considerably from one experiment to another 
and hence are significant only within rather wide limits. Not the least 
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doubt, however, can exist in regard to the sudden change that takes 
place at the critical period (No. 7); and it is equally certain that it is 
in large degree due to the replacement of unequal cleavages by equal 
or sub-equal ones (Figs. 1-3). These results fit exactly with Title- 
baum’s interesting discovery (1928) that whole eggs of Chetopterus 
and Nereis, when compressed transversely to the axis during the pear- 
shaped stage, often divide equally, and that the resulting 2-cell stages 
sometimes produce double embryos like those observed by Penners 
(1926) in Tubifex.* 

The facts are still more striking when account is taken of other 
forms of abnormal cleavage. A few of the fragments usually divide too 
unequally (Fig. 4), but with good eggs their number is always small 
(see Table II). Of greater interest are peculiar tripartite and quad- 
ripartite forms which closely resemble dispermic eggs (Figs. 5-9), but 
were finally found to arise mainly from the equal or sub-equal 2-cell 
stages, the second cleavage having already taken place because of delay 
in fixing the fragments for examination after their release from the 
centrifuge. It was also found that some of the tripartites arise simply 
by delayed division of one of the first two blastomeres, and that many 
others are actually 4-cell stages seen in foreshortened view, as explained 
below. Among the 4-cell stages are usually found a few that are nor- 
mally formed (Fig. 6), as well as some that are nearly equal. In a 
high percentage of cases, however, and sometimes almost without ex- 
ception, the 4-cell stages differ totally in aspect from the normal ones, 
consisting of two similar pairs of cells, each often more or less unequal, 
interlocking at right angles to each other to produce “ crossed forms ” 
which closely resemble those so often seen in dispermic eggs (compare 
Figs. 5, 6, 7). When viewed with low powers exactly in the axis of 
one pair, they may therefore readily be mistaken for 3-cell stages (Fig. 
7). 

These peculiar 4-cell forms undoubtedly arise from the 2’s that 
precede them, and in large measure from the equal or sub-equal ones. 
This has been proved in a number of individual cases by following 
the second cleavage in life. It is shown on a much larger scale by 
fragmenting a large number of tested eggs from the same batch at the 
pear-shaped stage and dividing the products into several lots which 
are then fixed at successive intervals for later examination. It is ob- 
vious from the results, as partially shown in Table II, that the sudden 
drop in 2’s and the simultaneous rise in “ 3’s” and 4’s shown at lines 

4In an unsuccessful attempt to duplicate Penners’ result in the polychete egg 
I repeatedly observed in 1926 equal first cleavage in the eggs of both Chetopterus 


and Nereis when segmenting under pressure; but no double embryos were ob- 
tained, nor did I recognize the critical stage as such. 
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4 and 5 is caused by occurrence at this time of the second cleavage in 
most of the fragments. The considerable drop in normal 2’s at the 
same time indicates that some of them may have produced abnormal 
4’s (since normal 4’s are rare or absent), but this point was not suf- 


88¢0O 
QD 


SBR 


Fics. 1-10. Segmenting fragments of fertilized eggs fragmented at the pear- 
stage; 1-3, equal or sub-equal forms; 4, too unequal; 5, 7, crossed-type of 4-cell 
stage; 6, normal type; 8-9, 3-cell stages; 10, normal 2-cell stage from a whole 
egg. (All figures at the same enlargement.) 


ficiently examined. In any case, it is clear that a rather high percentage 
of “3’s” and abnormal 4’s must have come from the equal or sub- 
equal 2’s. It would be interesting to make a more adequate statistical 
study of this point. 

II 


In the course of the foregoing experiments, my attention was di- 
rected to the fact that at certain stages the eggs of Chetopterus show 
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a decided tendency to orient themselves while on the centrifuge. Lillie 
(1906) had previously found that when unfertilized eggs containing 
the first maturation spindle are centrifuged at a moderate speed (1,500- 
2,000 revolutions per minute), so as to elongate the egg without frag- 
mentation, the polar spindle might afterwards be found in any position 
with reference to the secondary stratification but most frequently lies 
in the hemisphere containing the gray cap (oil-cap) that is formed 
at the central pole of elongation. Lillie attributed this to the fact that 
during maturation “the force of polarity has already caused a partial 
aggregation of the substances before the centrifugal force is applied, 
and the eggs, therefore, tend to rotate with the heavier pole in a distal 
direction” (p. 182). He concluded nevertheless that “in a large per- 
centage of the eggs, various causes combine to overcome this.” 

I have examined this question especially in eggs considerably elon- 
gated, but not fragmented, by centrifuging for a short time just after 
extrusion of the first polocyte, the latter subsequently affording an ex- 
cellent landmark. The results show conclusively that in a large per- 
centage of cases the polocyte is found lying either in or just outside the 
margin of the oil-cap that lies at the centripetal or central pole of 
elongation. Thus: out of 225 observed cases (4 experiments) placed 
on the centrifuge 4% to 1 minute after extrusion of the first polocyte, 
155, or 70 per cent, showed the polocyte actually in the oil-cap, and 20, 
or 9 per cent, just outside its margin—i.e., nearly 80 per cent in or 
very close to the vil-cap. This is especially noteworthy because in eggs 
thus elongated the oil-cap occupies but a relatively small area at the 
narrower end of the elongated egg. This, I think, leaves no doubt of 
a very marked tendency on the part of the eggs to orient themselves 
at this time with the animal pole turned towards the center of rotation. 

Only a few other experiments were made with eggs at other stages. 
In one series, centrifuged immediately after extrusion of the second 
polocyte, 22 eggs showed 6 with the polocyte inside the oil-cap and 9 
just outside it, i.e. nearly 70 per cent in or very near it. Experiments 
with eggs prior to maturation, though unsatisfactory for various rea- 
sons, point to the conclusion that the orientation is less marked than 
in later stages; but there are many sources of error in these cases. 
On the other hand, the results of centrifuging at the time of the first 
polocyte are so definite that this method should be useful for further 
experiments; for after elongation by short centrifuging the eggs may 
much more readily be cut in two individually and with less damage, and 
the plane of section may more readily be determined. Even in mass 
experiments at the time in question (and probably later), a rather high 





FRAGMENTS OF THE FERTILIZED CHAZETOPTERUS EGG 77 


probability exists that fragments containing the oil-cap are from the 
upper hemisphere. By these methods it should readily be possible to 
settle the question, among others, whether both the upper and the lower 
hemispheres are capable of producing complete normal larve (as in 
Cerebratulus), or whether (as in Dentalium) only the lower hemisphere 
has such capacity. 

Light on this question may perhaps be obtained in another way. It 
is a striking fact that after fragmentation of the fertilized eggs during 
the pear-shaped stage most of the fragments that segment, and some- 
times very nearly all, are the hyaline or lightly granular ones. These 
fragments rarely if ever divide with a polar lobe, while the small number 
of dark granular ones that divide commonly form such a structure. 
This indicates that the clear fragments are for the most part from 
the upper hemisphere (as might be expected also from the position 
of the amphiaster in the normal whole eggs), though they rarely bear 
polocytes. All the facts are explained under the supposition that the 
eggs orient themselves to a considerable extent while on the centrifuge, 
and hence are commonly fragmented across the egg-axis in such a 
manner as to separate the lower, granular region (in which presumably 
lies the lower pole-plasm or its homologue) from the upper one con- 
taining the amphiaster and chromosomes. The frequent absence of 
the polocytes from the latter fragments may very well be due to the 
circumstance that in continued centrifuging at fairly high speeds the 
region of the oil-cap at the light pole is almost invariably the first to 
separate from the egg, in the form of a small spheroidal fragment. 
By this process—which I have repeatedly observed—the polocytes would 
be carried off with the oi}-cap in a large percentage of cases. There 
are here interesting possibilities for further experiment. 


III 


The foregoing observations do not, I fear, throw much light on 
the problems of localization in the Chetopterus egg. At first sight it 
may seem that the sudden change in the form of cleavage that appears 
in both whole eggs and their fragments after centrifuging at the pear- 
shaped period points to the occurrence of a corresponding crisis in the 
localizing process at that time—such a possibility is certainly suggested 
by the facts in the leeches (Whitman, Schleip) and oligochzts ( Vejdov- 
sky, Penners) where the substance of the polar rings or pole-plasms 
is segregated, and in some measure localized, during and after the ex- 
trusion of the polocytes. It is this material—in some cases contained 
in the polar lobe (Myzostoma, Ilyanassa, Dentalium)—which during 
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the first cleavage passes into the posterior or CD-blastomere and thus 
marks out the bilaterality and antero-posterior differentiation of the 
embryo. Passing later, wholly or in part, into the somatoblasts (2d and 
4d) it ultimately enters the teloblasts that play so important a part 
in building the body. In the absence of this material—e.g., after re- 
moval of the polar lobe (Jlyanassa, Dentalium), or of the lower polar 
area (Dentalium), or in case of the isolated AB-blastomere—Lanice, 
Dentalium, Tubifex)— the embryo is unable to produce a perfect larva 
or, it would seem, one that is bilaterally symmetrical. In the case of 
Chetopterus, however, there is as yet nothing to show whether segrega- 
tion of the material in question takes place during the pear-shaped period 
or earlier. The latter alternative is suggested by Lillie’s cytological 
observations on the ovarian egg (1906), by the formation of a polar 
lobe during the first cleavage, and by the conditions observed in M yzo- 
stoma and Dentalium. Uncertainty in regard to this point is, however, 
caused by the strange fact, determined by both Whitaker and myself 
and confirmed by my more recent observation, that after horizontal 
section of the unfertilized egg and subsequent fertilization, only the 
lower or vegetative fragment divides with a polar lobe, yet both frag- 
ments alike divide unequally and in nearly the same proportions as in 
case of the whole egg. Without an explanation of this puzzling fact 
the problem of localization in the Chetopterus egg will remain unsolved. 

Turning aside from this question, it seems to me that the strong 
tendency towards equal cleavage, shown alike by whole eggs and their 
fragments after centrifuging at the pear-shaped stage, gives little or 
no indication as to whether localizing processes are in progress at the 
time. That tendency may most simply be regarded as a merely me- 
chanical effect of centrifuging, similar in principle to that suggested 
by Titlebaum (1928) in explanation of the corresponding effect pro- 
duced on whole eggs by lateral compression at the same stage. It is 
at this time, as is clearly seen in Mead’s figures (1898) that the pro- 
nuclei are conjugating and the sperm-asters are at their maximum de- 
velopment (though the definitive cleavage-spindle is not fully established 
until a little later). Strong centrifuging at this period may simply 
produce a dislocation of the developing amphiaster from its normal 
adjustment to the organization of the cytoplasm existing at the time, 
more specifically, perhaps, its relation to a regional segregation of 
material corresponding to the pole-plasms of the leeches and oligochets. 
The amphiaster, being thus liberated from its normal connections, is 
left free to develop as a symmetrical or homopolar structure, such as 


5 For the experimental proof of this, see Crampton (1896), Wilson (1904a, 
1904c), Penners (1926). 
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it seems to be during the earlier period of its development, thus leading 
to equal cleavage.® . 

The nature of the later development might be expected to depend 
on the position that the amphiaster happens to take with respect to 
the material in question—if the latter is equally divided, symmetrical 
twinning might be expected; if unequally divided, various types of 
asymmetrical twinning might result, such, for instance, as those long 
ago described in earth-worms by Kleinenberg (1879) and Vejdovsky 
(1888-1892). One is tempted to seek in the same direction some sort 
of clue to the peculiar 4-cell crossed type which so commonly follows 
equal first cleavage, and which differs in so marked and definite a way 
from the normal 4’s (Figs. 5-7). It seems fairly clear that in the 
eggs of Tubifex, Chetopterus and Nereis the tendency to twinning 
shown after equal first cleavage involves some kind of release of the 
first two cells from the integrating factors which in the normal develop- 
ment are responsible for the production of a single embryo. Such a 
release, conceivably, might leave the two resulting cell-pairs free to 
seek the position of least mechanical resistance, i.e., that of minimal 
contact area, which is I think that of the crossed form. 
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Many photodynamic substances when in sufficient concentration 
bring about changes in cells which are similar to the changes produced 
by the irradiated dye in less concentration. This effect was studied 
very early by Tappeiner and Jodlbauer (1904), Jodlbauer and Busck 
(1905) and others. Sacharoff and Sachs described hemolysis by non- 
irradiated erythrosine and other photodynamic substances in the paper 
in which they first described photodynamic hemolysis (1905). Jodl- 
bauer and Haffner (1921a) summarize a certain number of such studies 
and point out that among photodynamic substances, those which bring 
about hemolysis in the lowest concentration when not irradiated are 
generally the most active in bringing about photodynamic phenomena 
in living cells. Likewise, they are most active in flocculating the colloids 
of hemolyzed blood cells. While this generalization has many excep- 
tions, it indicates a correlation between the action of irradiated and 
non-irradiated photodynamic substances. 

Jodlbauer and Haffner (1921b) studied the effect of hydrogen ion 
concentration on hemolysis by non-irradiated eosine and rose bengale 
(tetra-brom tetra-iodo fluorescein). They found that the hemolytic 
effect, as measured by the minimum dye concentration necessary to pro- 
duce hemolysis, was at a minimum in the region of neutrality and in- 
creased as the reaction became either more acid or more alkaline. This 
increase was more pronounced on the acid side. In acid solutions of 
dye in high concentrations, fixation was found to take place instead of 
hemolysis. The fixing action, like the hemolytic action, increased with 
increasing acidity. These investigators did not examine the effect of 
hydrogen ion concentration or dye concentration on the hemolytic and 
fixing activity of the irradiated dyes. This has been done in the experi- 
ments described below, the results of which point to another correlation 
between the action of irradiated and non-irradiated dyes, namely, that 

‘the hemolytic and fixing action of the irradiated dye is modified in the 
same way by hydrogen ion concentration as is that of the non-irradiated 
dye. 
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IE-XPERIMENTAL 


Effect of Hydrogen lon Concentration on Hemolysis and Fixation 
by Irradiated Eosine.—In a preceding paper (Blum, 1930), it was shown 
that previously irradiated eosine may bring about hemolysis to a degree 
less than that occurring when the dye is irradiated together with the 


TABLE [| 


Effect of Hydrogen Ion Concentration on Hemolytic Action of Irradiated 
and Non-Irradiated Eosine. 


All solutions contain sodium phosphate buffer, isosmotic with 0.15 M NaCl. 
Observations made after 7 hours in dark following irradiation. H —complete 
hemolysis; (H) =partial hemolysis; a—cells plus eosine irradiated; b = eosine 
irradiated alone, cells added immediately after exposure; c=non-irradiated. a 
and b irradiated 1 hour (11:00 A.M.-12:00 M., Sept. 15, 1929). 
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cells. Therefore, parallel series of experiments were conducted under 
both conditions together with a like series, using the non-irradiated dye. 
The technique of the experiments was the same as that described in 
the above paper. A much narrower range of hydrogen ion concentra- 
tion was studied than that examined by Jodlbauer and Haffner (1921b), 
as it seemed wise to avoid as much as possible the hemolytic effects 
of the hydrogen and hydroxyl ions themselves. Within the range here 
used, pH 6.0 to pH 7.7, no great difference in cell volumes occurs in 
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the solutions used.t Thus we may assume that the hemolytic action 
of hydrogen and hydroxyl ions is practically negligible in our experi- 
ments. 

Three like series of dilutions of the dye were used at each hydrogen 
ion concentration; (a) dye irradiated together with cells, (b) dye ir- 
radiated alone, cells added subsequently in the dark and (c) dye not 


TABLE II 


Effect of Hydrogen Ion Concentration on Hemolytic Action of Irradiated 
and Non-Irradiated Eosine. 


All solutions contain sodium phosphate buffer, isosmotic with 0.15 M NaCl. 
Observations made after 6 hours in dark following irradiation. P= precipitate 
following observation of complete hemolysis at an earlier time. Other symbols 
as in Table I. a and bd irradiated 1 hour and 15 minutes (1:45-3:00 P.M., May 
10, 1929). 
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irradiated. Tables I and II are taken from typical experiments covering 
overlapping regions of eosine concentration, and do not agree absolutely 
in a quantitative sense as regards the irradiated dye. The conditions 
of irradiation never being the same in any two experiments, absolute 
agreement is never obtained, but each experiment performed demon- 
strates certain qualitative differences between the irradiated and non- 
irradiated dye. A certain parallelism may be observed in the action 
of the irradiated and non-irradiated dye in that, generally speaking, 
hemolysis occurs most readily in both cases at the same hydrogen ion 
concentrations; the irradiated solutions, however, show hemolysis at 
lower dye concentrations. The solutions irradiated alone (b) always 
appear to take a place intermediate between the non-irradiated dye (c) 
and the dye irradiated with the cells (a) as regards their hemolytic 
activity. The explanation of this latter fact has been discussed by 


the writer (1930). 
1See Blum (1930). 
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We note in both Tables I and II, at acid reactions, that hemolysis 
occurs in higher concentrations in non-irradiated than in irradiated so- 
lutions. Here again series b appears to be intermediate between a and 
c. This apparently paradoxical behavior is due to fixation of the cells, 
as described by Jodlbauer and Haffner (1921) for high concentrations 
of non-irradiated eosine and rose bengale at acid reactions. This is 
demonstrated in the following type of experiment which was carried 
out in the usual manner, except that after several hours in the dark 
following irradiation the cells were examined for fixation by treatment 
with distilled water. The solutions were pipetted off from all those 
tubes in which complete hemolysis had not occurred, leaving only the 
cells and debris in the bottom of the tubes. The solutions were then 
replaced by distilled water and allowed to stand for several hours. At 
the end of this time, the tubes were again examined for hemolysis, the 
determinations with the naked eye being checked by microscopic ex- 
amination. The cells in those tubes which did not show hemolysis 
before or after this treatment were considered as completely fixed and 
are designated in Table III by the letter F. Those tubes which showed 
some hemolysis, but in which intact cells could be observed, are repre- 
sented by (F) to indicate partial fixation of the cells. Partial fixation 
was also considered to have occurred in those tubes which showed 


hemolysis before treatment with distilled water but no hemolysis after, 
and these are likewise designated by (F). Partial hemolysis before 


this treatment is designated by (H), and complete hemolysis by H as 
in the previous tables. 


This treatment of the cells is rather severe and selection of a criterion 
of fixation is rather arbitrary. Nevertheless, the results demonstrate 
in a striking manner that fixation, like hemolysis, is shifted into a lower 
concentration of the dye by irradiation. They also show that fixation 
is most apparent in both irradiated and non-irradiated dye at the same 
hydrogen ion concentration, and that series b is again intermediate be- 
tween a and ¢ as in the case of hemolysis. A consideration of the data 
in Table III indicates the fallacy of adopting hemolysis as a quantitative 
measure of photodynamic action. Very false deductions may be based 
upon the simple observation that hemolysis does not occur under a 
given set of conditions, since this may indicate either that the action 
of the photodynamic substance is too weak to produce hemolysis, or 
that it has produced fixation instead. We are obviously dealing with 
two manifestations of the action of eosine on red blood cells which are 
both modified in much the same way by irradiation and by hydrogen 
ion concentration. 


Still a third manifestation of the action of non-irradiated and ir- 
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radiated dyes appears in the precipitation of cell constituents from sus- 
pensions of hemolyzed blood cells. Jodlbauer and Haffner (1921b) 
have described flocculation of hemolyzed cells by non-irradiated eosine 
and rose bengale. Table IV shows the results of an experiment which 
affords a comparison between the action of irradiated and non-irradiated 
eosine on hemolyzed cells. This experiment was conducted simul- 


TasBce III 


Fixation and Hemolysis of Red Blood Cells by Irradiated and Non-Irradiated 
Eosine. 


All solutions contain sodium phosphate buffer, isosmotic with 0.15 M NaCl. 
Observations made after 7 hours and 30 minutes in dark following irradiation. 
F =complete fixation; (F) partial fixation. Other symbols as in Tables I 
and II. a and b irradiated 2 hours and 15 minutes (October 11, 1929). 
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taneously with the one described in Table II and under exactly the 


same conditions, except that blood cells hemolyzed with distilled water 
were used instead of intact blood cells. 


It may be readily seen that 
precipitation, like hemolysis and fixation, is more pronounced in ir- 
radiated than in non-irradiated solutions of the dye, and that series b 


is intermediate between a and c. Again, as with hemolysis and fixation, 


precipitation is most pronounced at the same hydrogen ion concentrations 
in both the irradiated and the non-irradiated dye. 

Table V is a record from the experiment described in Table I but 
represents observations made five hours later or after twelve hours 


in the dark following irradiation. This table is inserted to show how 


precipitation may mask the occurrence of hemolysis, and to emphasize 
the importance of making more observations than one in the course of 
a single experiment. Tubes often show partial hemolysis at one period 
with subsequent precipitation of the hemolyzed cell constituents which 
may mask the presence of unhemolyzed fixed cells. 
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TaBLe IV 


Effect of Hydrogen lon Concentration on Precipitation of Hemolysed Cell 
Constituents by Irradiated and Non-Irradiated Eosine. 


Symbols as in preceding tables. P—=pr(ivpitate. a and b irradiated 1 hour 
and 15 minutes (1:45-3:00 P.M., May 10, 1929). All solutions contain sodium 
phosphate buffer isosmotic with 0.15 M NaCl. Observations made after 6 hours 
in dark following exposure of a and b. 
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TABLE V 
Effect of Hydrogen Ion Concentration on Hemolytic Activity of Irradiated 
and Non-Irradiated Eosine. 
Same experiment described in Table I. Observations made after 12 hours 
in dark following irradiation. Symbols as in preceding tables. 
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Changes in Hydrogen Ion Concentration of Eosine Solutions during 
Irradiation.—Since hydrogen ion concentration exerts a marked effect 
on the hemolytic action of both irradiated and non-irradiated eosine, 
changes in hydrogen ion conc “tration during irradiation of unbuffered 
solutions might be expected to markedly affect the hemolytic activity 
of such solutions. Such changes in hydrogen ion concentration during 
the course of irradiation may be readily demonstrated in dilute unbuf- 
fered solutions of eosine by means of indicators. In 0.0005 M eosine 
solution, the sulphonthalein indicators may be used with sufficient 
accuracy to observe differences of hydrogen ion concentration corre- 
sponding to 0.5 pH. The procedure in such determinations was to 
add the indicators to samples of irradiated and non-irradiated dye, and 
to compare these to buffered solutions containing the same concentration 
of dye and indicator. The shift of hydrogen ion concentration during 
irradiation was always found to be toward the acid side. In one set 
of experiments, unbuffered 0.0005 M eosine solutions which had a 
hydrogen ion concentration of approximately pH 6.5 before irradiation 
were found to have increased in hydrogen ion concentration to approx- 
imately pH 4.0 in the course of five hours’ irradiation. The latter value 
is far outside the range of hydrogen ion concentrations examined in 
the above experiments. 

Since most of the experiments of previous investigators of photo- 
dynamic processes have been carried out in unbuffered solutions, it is 
quite probable that such change in hydrogen ion concentration may 
have been a very important factor in the results obtained. It is prob- 
able that some of the failures of other investigators to produce hemolysis 
by previously irradiated photodynamic substances, as described by the 
writer (1930), may have been due to the shifting of the hydrogen ion 
concentration into an acid region in which fixation and not hemolysis 
occurs with the concentration of the dye used. The writer has, in fact, 
observed fixation of cells added to previously irradiated unbuffered so- 
lutions of eosine. This criticism applies to the experiments of Sacharoff 
and Sachs (1905), Hausmann (1909 and 1910) and Hasselbach (1909), 
who were unable to demonstrate hemolysis with previously irradiated 
solutions of numerous photodynamic substances. 

Hemolysis and Fixation by Hydrogen Peroxide and Non-irradiated 
Eosine.—In the preceding paper of this series (Blum 1930), the prob- 
ability was discussed that the alteration in hemolytic activity of eosine 
by irradiation is due to an increase in oxidizing power of the dye so- 
lution, resulting in the oxidation of cell constituents. From the ex- 
periments described above it appears that the effect of irradiation is 

simply to increase the effects produced by non-irradiated eosine, evi- 
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denced by the shifting of hemolysis, fixation, and precipitation into 
lower concentrations of the dye. This suggests that the action of the 
non-irradiated eosine is also an oxidation which is increased by irradia- 
tion. This is probably not the case, however, since the non-irradiated 
dye is not capable of oxidizing a readily oxidizable substance such as 
the iodide ion. Furthermore, at least certain of the changes produced 
by the non-irradiated dyes may be readily reversed by simply washing 
out the dye, (Kudo and Jodlbauer, 1908). A possible explanation 
of the similarity of action between irradiated and non-irradiated eosine 
is that irradiation brings about oxidative changes which are simply super- 
imposed upon changes brought about by the non-irradiated dye. This 
assumption need not take into consideration the mechanism of the 
changes brought about by the non-irradiated dye. 

Such an assumption can be tested to a certain extent by finding 
whether oxidation alone may bring about hemolysis, and whether the 
effect of this oxidation is increased by the presence of non-irradiated 
eosine. Hydrogen peroxide is capable of oxidizing iodide ion and 
must, therefore, have a greater oxidizing power than non-irradiated 
eosine. The following experiment shows the result of treating red 
blood cells with hydrogen peroxide and with hydrogen peroxide plus 
non-irradiated eosine. Series of dilutions of hydrogen peroxide and 
of eosine were used. The hydrogen peroxide solutions were freshly 
prepared from “‘ Superoxol” (Merck) containing 30 per cent hydrogen 
peroxide, which was neutralized with 0.1 N sodium hydroxide and 
diluted with the usual mixture of primary and secondary sodium phos- 
phates. The greatest concentration of hydrogen peroxide used in the 
experiments was 3 per cent, which represents a dilution of salt content 
of approximately 10 per cent. Much greater dilutions with water are 
necessary to bring about hemolysis, and as a matter of fact fixation and 
not hemolysis occurs at this concentration of hydrogen peroxide. In 
the lower dilutions of hydrogen peroxide which were used, the reduction 
of salt content is certainly negligible. The technique of preparation 
and addition of blood cells was the same as described for previous ex- 
periments. Table VI shows the result of an experiment in which the 
hydrogen ion concentration of the solutions was buffered at pH 6.0. 
It will be noted that with the peroxide solutions containing no eosine, 
hemolysis occurs at concentrations of 0.37 per cent to 1.5 per cent in- 
clusive, while above this at 3 per cent fixation occurs. At the latter 
concentration the hemoglobin is changed to a brownish substance, prob- 
ably methemoglobin. This confirms the findings of both Schmidt and 
Norman (1922) and Rigoni (1926). The former found that no he- 
molysis took place in cells treated with hydrogen peroxide (concen- 
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tration not stated) but that methemoglobin formation occurred. ‘The 
latter found hemolysis in only a given range of hydrogen ion concen- 
trations, stronger as well as weaker solutions failing to bring it about. 
We see, thus, that an oxidizing agent alone may produce both hemolysis 
and fixation. 

Further examination of Table VI shows that the addition of non- 
irradiated eosine to the peroxide greatly alters the region of the concen- 
tration at which hemolysis and fixation occur. The presence of the dye 
shifts the region of hemolysis and that of fixation into much lower 
concentrations of peroxide. Likewise the presence of peroxide shifts 
these phenomena into lower eosine concentration. Thus, peroxide plus 
eosine may accomplish hemolysis or fixation in concentrations at which 
neither alone is effective. 

Treatment with hydrogen peroxide plus non-irradiated eosine 
markedly alters the solubility of hemolyzed blood cell constituents. De- 
crease of solubility is evidenced by precipitates varying from slight 
cloudiness to heavy flocculation. While the results at hand demonstrate 
a definite decrease in solubility at certain concentrations of hydrogen 
peroxide plus eosine as compared to the same concentration of eosine 
alone, a more careful analysis does not seem justifiable without further 
data. 

From these experiments it seems clear that the hemolyzing and fixing 
effect of non-irradiated eosine may be increased by the action of an 
oxidizing agent such as hydrogen peroxide. We see also that oxidation 
alone may produce hemolysis and fixation. This evidence seems to 
support our assumption that the oxidations brought about by the ir- 
radiation of the dye are merely superimposed upon the action of the 
non-irradiated dye. Evidence was offered by the writer (1930) that in 
the presence of potassium iodide, irradiated eosine returns to its non- 
irradiated form after having oxidized a corresponding quantity of 
iodide ion. Similarly, we must assume that if an oxidation of cell con- 
stituents takes place, the irradiated dye must return to its non-irradiated 
form after having oxidized these substances. Thus we may consider 
the dye as playing a dual role, first as the non-irradiated dye, and sec- 
ondly as an oxidizing agent produced by irradiation. 

As shown in the above paper, the oxidizing power of previously 
irradiated eosine is never greater than the molecular equivalency of 
the dve. Consequently, we should expect that if the irradiated eosine 
has an oxidizing power of the same order as hydrogen peroxide, the two 
substances should bring about hemolysis in approximately the same 
concentration if the effect of the non-irradiated eosine is neglected. 
On the basis of the above hypothesis the hemolytic effect of the pre- 
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viously irradiated eosine is a summation of the oxidation and the effect 
of the non-irradiated dye, and hence, we should compare the irradiated 
eosine to peroxide plus an equal concentration of the non-irradiated 
dye. Comparison of Tables I and VI shows, however, that the concen- 
trations of hydrogen peroxide required to produce hemolysis are many 
times greater than the concentrations of previously irradiated eosine 
which produce hemolysis under comparable conditions. Table I shows 
that at pH 6.0, previously irradiated eosine brings about hemolysis in 
concentrations as low as 0.00001 M. On the other hand, Table VI 
shows that, at the same hydrogen ion concentration, 0.002 M hydrogen 
peroxide is required to bring about partial hemolysis in the presence 
of 0.00001 M non-irradiated eosine. At slightly lower peroxide concen- 
trations, hemolysis no longer occurs in any eosine concentration which 
alone does not produce hemolysis. It would thus appear that irradiated 
eosine is actually a much more powerful oxidizing agent than hydrogen 
peroxide. Noack (1920) has found, similarly, that irradiated eosine 
was more effective in oxidizing the sap of Aloe soccotrina than was 
hydrogen peroxide. 


DISCUSSION 


The correlation made by Jodlbauer and Haffner (192la) between 
the photodynamic activity of substances and their ability to hemolvze 
red blood cells in the dark, is readily explained on the basis of the hy- 
pothesis outlined above. Since the total observable effect produced by 
irradiated dyes would be a summation of the effect of the non-irradiated 
dye and the oxidative changes brought about concomitant with irradia- 
tion, an increase in the first of these factors would result in an increase 
of the total effect. Thus, other factors being equal, the substances 
having the greatest hemolytic activity in the non-irradiated state should 
also show the greatest hemolytic effect when irradiated. 

Jodlbauer (1926) suggests a quite different explanation of this cor- 
relation. He assumes that photodynamic action is dependent upon 
adsorption, on the basis of the work of Jodlbauer and Haffner (19216), 
which indicated that the hemolytic action of non-irradiated eosine and 
rose bengale is dependent upon an adsorption process. He suggests 
(1) that the dye must be adsorbed by the cells, and (2) must retain 
its ability to be activated by light while in combination with the cell. 
thus bringing about oxidative changes. Only those dyes capable of 
both are photodynamically active. Those dyes which are adsorbed most 
readily are the most active in bringing about hemolysis in the dark, 
but all of these do not meet the second qualification. Thus a large 
number of exceptions to the general rule are accounted for. However, 
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the hemolysis of red blood cells by previously irradiated fluorescein 
dyes, described by the writer (1930), renders Jodibauer’s assumption 
untenable, since contact of the cells and dye during irradiation is not 
requisite in order to produce hemolysis. The intimate contact between 
cells and photodynamic substance may assist in the reaction when cells 
and dye are irradiated together, but offers no explanation for hemolysis 
when the dye is separately irradiated. The hypothesis presented above 
offers a more satisfactory explanation of the correlation between the 
action of the irradiated and non-irradiated dye, in consideration of 
these facts. 

The fact that non-irradiated photodynamic substances may produce 
definite changes in living cells, has been apparently disregarded by a 
large number of the investigators of photodynamic action. It seems, 
however, very important to keep this fact constantly in mind in the 
interpretation of photodynamic processes. This is particularly true, if 
we consider the effects of irradiation to be superimposed upon the 
effects of the non-irradiated dye as here suggested. Whatever the 
nature of the action of the non-irradiated eosine in producing hemolysis 
and fixation, we are certain that it may precipitate cell constituents, 
as shown by the formation of precipitates with hemolyzed cells. The 
fact that hemolysis and fixation are shifted in the same way by hydrogen 
ion concentration and by irradiation as is precipitation, suggests that 
the three processes are closely connected, and the possibility that the 
two former may be dependent upon changes in the solubility of cell 
constituents. At any rate, such alterations in solubility of cell constit- 
uents must be considered as a possible result of the treatment of bio- 
logical substances with eosine and other photodynamic substances. We 
must also consider the possibility of oxidation and of changes in hy- 
drogen ion concentration when biological substances are subjected to 
the action of irradiated solutions of these photodynamic agents. It is 
hardly possible to imagine three factors better calculated to alter cell 
processes than these. It seems, therefore, that until much more careful 
studies of the varied photodynamic phenomena are made, we need not 
seek farther for their explanation. It is at least unnecessary to assume 
unknown processes until the possibilities of the three above-mentioned 
clearly demonstrable factors are exhausted. 


SUMMARY 


1. Hemolysis is not the only manifestation of the photodynamic 
effect of eosine on red blood cells, fixation and precipitation of the 
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hemolyzed cell constituents also occurring at proper concentrations of 
the dye. 

2. Hemolysis, fixation, and precipitation of the cell constituents are 
brought about by non-irradiated eosine at proper hydrogen ion concen- 
tration and concentration of the dye. Irradiation shifts the region of 
occurrence of these phenomena into lower concentrations of the dye. 

3. In unbuffered solutions of eosine the hydrogen ion concentration 
increased in the course of irradiation. 

4. Hydrogen peroxide may produce hemolysis and fixation in proper 
concentrations. 

5. Hydrogen peroxide and eosine may reénforce each other in pro- 
ducing hemolysis and fixation. 

6. Photodynamic action may probably be regarded as a summation 
of the effects of the non-irradiated photodynamic substance together 
with the oxidative changes brought about by this substance due to ir- 
radiation. 

7. Oxidative changes in cell constituents, and changes in hydrogen 
ion concentration, together with the change in solubility of cell con- 
stituents brought about by the photodynamic substance, may possibly 
account for all the phenomena generally classed under the terms photo- 
dynamic action or photodynamic sensitization. 
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REACTIONS OF CERCARIA HAMATA TO LIGHT AND TO 
MECHANICAL STIMULI 


HARRY M. MILLER, JR., AND ELSIE E. MAHAFFY 
ZOOLOGICAL LABORATORY, WASHINGTON UNIveERsIty, St. Loutrs 


The swimming behavior of a holostome larva, Cercaria hamata 
Miller, 1923, which McCoy (1928) found to penetrate sunfishes and 
develop in them to the meta-cercarial stage, has been studied, as well 
as the effect of light upon its activity and its reactions to shadow and 
to mechanical stimuli. Great variety in the swimming behavior and 
reactions of larval trematodes, particularly to shadowing, has been found 
among more than fifty species studied in more or less detail by one of 
us, (Miller, 1927-1930). In view of the meager knowledge of the 
life histories of these trematodes any statement concerning the adaptive 
value of the behavior of any species would be mere speculation. 

In the development of the work certain facts of general physiological 
interest were found, and the results of preliminary studies are reported 
in this paper. The most outstanding is the fact that a dual mechanism 
of stimulation is involved in the response to mechanical stimulation 
and to a change of light intensity (shadow). 


MATERIAL AND METHODS 


The snail host of C. hamata is Planorbis trivolvis Say. Snails from 
Ramona Lake, St. Louis County, were isolated in water in shell vials; 
cercariz emerged, usually in large numbers, into the water from those 
snails in which the infestation was mature. The snails were easily 
kept alive in the laboratory and were isolated from time to time to 
secure cercariz. It is assumed that these cercarie, which are fully 
formed and emerge spontaneously, constitute a uniform material for ex- 
perimental purposes. They live approximately 48 hours after emer- 
gence, during which period they do not feed or reproduce; hence these 
factors do not enter into their behavior. 

Observations and experiments were made in the laboratory before 
a window, using diffuse daylight or sunlight, and were also carried 
out ina darkroom. The emerged cercariz were placed in glass spectro- 
scope absorption cells (40 « 40 X 20 mm.) or in small cells of various 
sizes made from high grade glass slides and DeKhotinsky cement. 
All observations were made with a binocular microscope held in a hori- 
zontal position. 


95 











HARRY M. MILLER AND ELSIE E. MAHAFFY 


Intervals of five minutes or longer were measured with a “ Re- 
minder ” clock and one minute intervals by the aid of an Eastman timer, 
the hand dipping into mercury and making contact every minute with 
a buzzer circuit. Short intervals were measured with a split-second 
timer registering tenths of seconds. 

The light source in the darkroom was a 115 volt-200 watt, concen- 
trated filament Mazda lamp in a 200 cm. beaver board tunnel, painted 
flat black. A camera shutter with a 1 inch opening was installed in 
the end of the tunnel. The time-setting lever was connected to an 
electromagnet and was operated by tapping a key. Observation in the 
“dark” was made by means of a weak red darkroom light behind the 
cell containing the cercaria. A large water cell was placed in front 
of the red light to absorb any heat given off. 

In experiments where temperature of the water was controlled, the 
cell containing cercariz was placed in a water bath and a mercury 
thermostat was used, connected with a heating coil and a 6-volt storage 
battery. 


SWIMMING BEHAVIOR 


Cercaria hamata is an intermittent swimmer. Ordinarily a short 
rapid upward swim alternates with a long period of sinking. The path 
of a swim may be changed suddenly and erratically, and occasionally 
an individual will make an uninterrupted swim lasting as long as 6 
seconds, with many changes in direction. The tail is directed forward 
in locomotion, and lashes vigorously. At the end of a swim the an- 
terior third of the body bends ventrally and posteriorly, so that the 
body is in the form of a hook (Text-figure), and as a cercaria sinks it 
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Diagrams of lateral and ventral views of Cercaria hamata sinking through 
water. 


slowly comes to a position with the body down. The body retains 
this hook-shape until swimming is suddenly resumed. At the be- 
ginning of a sinking period the forks of the tail are spread at an angle 
of slightly less than 180°, but this angle gradually decreases until it 
is about 90°. 
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A great deal of variation was found among individual cercarize in 
the length of a swim and of the succeeding sinking period. Ten al- 
ternating periods of sinking and swimming were measured for 75 
cercariz; sometimes a long swim followed a long period of sinking, 
other times a short swim followed, and thus there seems to be no cor- 
relation between them. Tables I and II show the ten observations 
on one individual and the averages for 10 others. 


TABLE [| 


Variation in periods of passive sinking and of alternate spontaneous swims 
of one cercaria. 


Period of Duration of 
sinking following swim 
seconds seconds 

25.2 22 

48.0 3.2 

34.0 22 

41.0 3.0 

45.0 1.8 

107.0 2.4 

20.2 132 

55.6 1.0 

50.4 1.2 

39.4 3.8 

Average 46.6 2.2 
Range 20.2—107.0 1.0-3.8 

TABLE II 


Averages of periods of passive sinking and of alternate spontaneous swims 
of ten cercarie. 


Average period Average duration 

of sinking of swim 
seconds seconds 
31.0 2.4 
45.0 1.4 
42.8 0.8 
42.7 1.2 
48.6 1.3 
80.1 1.2 
39.5 1.2 
57.1 1.2 
79.0 0.9 
26.9 1.2 





26.9-80.1 





Range 
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EFFECTS OF TEMPERATURE ON ACTIVITY 


The temperature of the water was noted in every case; it was found 
that the average period of swim did not change significantly in warming 
the water from 18° to 35° C., but the length of the period of sinking 
decreased, so that swims were more frequent at the higher temperatures. 

Below 15° C. swimming behavior varied from the preceding account. 
The body was usually held extended when the cercaria came to rest, 
instead of bending. In place of swimming the cercaria exhibited jerk- 
ing and lashing movements; the body sometimes bent and unbent, and 
occasionally, held at full length, lashed back and forth. Convulsive 
twitching of body and tail occurred, and the forks of the tail jerked 
separately. When the cercaria swam, it was only for a short distance. 
One individual kept up the twitching movements continuously for over 
21 minutes, after which it sank to the bottom. Below 7° C. the cer- 
cariz were either motionless on the bottom or jerked about only oc- 
casionally. Above 38° C. the body of the cercaria was held extended, 
but twitching did not occur. 


EFrect oF LIGHT ON SWIMMING 


It was observed that C. hamata swam more frequently in strong 
than in weak light ; this was later tested in a darkroom. Thirty groups 
of ten cercarie each were used; they were placed in a small cell 
and dark-adapted for an initial period of 20 or 30 minutes. During 
the entire experiment a weak red observation light was burning. After 
the cercarie were dark-adapted, the number of swims during a one 
minute period was counted, and then light admitted by means of the 
shutter and the number of swims during a one minute period in the 
light was counted. These procedures were repeated, with five minute 
periods of dark-adaptation followed by the admission of light of dif- 
erent intensities. In each case the number of swims in the “ dark” 
and in the light was counted. The following approximate light in- 
tensities, obtained by placing a 115 volt-200 watt lamp at different 
distances from the cell, were used: 2000, 1550, 1100, 650, 200, 100, 
50 meter candles. Each group of ten cercarie was subjected only once 
to each light intensity ; the different intensities were used in alternation 
of low and high intensities so that the factor of progression would 
not enter. 

The summary of observations on the 30 groups of cercarie is 
shown in Table III. The average number of swims at each intensity 
was compared with the average number during the preceding one minute 
period of dark, and the percentage of increased activity calculated. 
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REACTION TO SHADOWING 


When C. hamata is in a resting state, it is usually stimulated to 
swim, instantaneously, either by the shadow of an opaque object or 
by other means of decreasing the light intensity. It was thought that 
when failure to swim occurred it might be due to the fact that the 
stimulus was applied just at, or too soon after, the cessation of a spon- 
taneous swim. Experiments were carried out on about forty indi- 
viduals to test this hypothesis. A shadow was thrown upon a cercaria 
at the instant that it ceased swimming, and at varying intervals (1 to 
10 seconds) after the cessation. Each cercaria was allowed to swim 
spontaneously twice between trials. A great deal of variability was 
found. Some individuals almost invariably swam when shadowed as 
soon as they came to rest; but in general the longer the interval be- 


Taste III 


Effect of Light on Frequency of Swim of Cercaria hamata 


Thirty groups of 10 cercarie used. Total number of swims during one 
minute of dark and during a succeeding one minute period in light of a given 
intensity counted, and percentage of increased activity in the light calculated. 
Five minute intervals between trials. High and low intensities used, alternately; 
each group of cercarie exposed only once to a given intensity. 


Light Intensity in Meter Candles. .| 2000 | 1550 | 1100 | 650 | 200 | 100 | 50 


Average Per cent of Increased 
BRI. ooiciscicicisccaccsceceect) Gt SH 4661-28 94 12 8 


tween cessation of swimming and stimulation, the more certain the 
response. 

When a shadow is thrown upon a cell containing a large number 
of cercarie, concerted, or almost concerted, swimming results. C. 
hamata is stimulated to swim by touch and by currents of water, and 
these stimuli, occasioned by individuals which responded to the shadow, 
are undoubtedly factors in the general response. When the cercarie 
are isolated these factors of mechanical stimulation are eliminated. 

Cercariez of this species are inhibited by repeated shadows, after 
responding to the first or second of the series, when an interval of 
one or two seconds intervenes between shadows. After a lapse of a 
minute or more almost all of the cercariz swim again when shadowed, 
and again may be inhibited by repeated stimuli. This may be shown 
by the following experiment. The number of swims made by five 
cercariz during 90 seconds was counted, and then a shadow cast on 
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the cercariz every second and the number of swims during 90 seconds 
again counted, and the procedures repeated. The first shadow always 
brought about a response on the part of many individuals; this initial 
response was ignored and the number of swims in the ensuing 90 sec- 
onds counted. The data are shown in Table IV. 

The effect of temperatures through a range from below 10° C. to 
35° C. was studied in reference to response to shadowing; isolated 
cercariz and groups of five individuals were used. Below 10° C. only 
an occasional cercaria swam when shadowed; from 10° C. to 35° C. 
the curve is practically a straight line, with 10 per cent of the cercariz 
responding at 15° C. and 70 per cent at 35° C. 


TABLE IV 


Showing the inhibiting effects of repeated stimulation (shadowing) on the 
activity of C. hamata. 


Not stimulated 


Cercariae shadowed every second; swims 
in response to the first stimulus not 
Ra Saws a hiiaearalesn er tase aes 





RESPONSE TO MECHANICAL STIMULATION 


C. hamata when sinking quietly may be stimulated to swim instantly 
by mechanical stimuli, such as touch on any part of the body or tail, 
or jarring the container, or a fine stream of water. Whereas repeated 
stimulation by shadowing at short intervals resulted in failure to swim, 
it was found that this cercaria may be kept in almost continuous locomo- 
tion by repeated stimulation by touch. Forty cercariz were used. Each 
was isolated in a small cell and touched twenty-five times with a fine 
wire on the body, tail-stem, or a fork of the tail. 

In the case of twenty cercarie the stimulation was applied as soon 
as possible after the individual had stopped swimming. Only seventeen 
failures to respond occurred in the total of 500 trials; twelve of the 
cercariz swam every time. The other twenty cercariz were permitted 
to assume a vertical sinking position before being touched ; this allowed 
them an average recovery period of about 15 seconds. Thirty-five 
failures to swim occurred during 500 trials; seven of the cercariz had 
a perfect response record for the twenty-five trials. 

Several other individuals were repeatedly stimulated until fatigued. 
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One of these, allowed to resume the vertical sinking position between 
stimuli, responded 120 times and then failed to swim when stimulated 
ten times at short intervals. Another was touched “ immediately ” upon 
cessation of each swim. It responded to 79 successive stimuli, but 
after the fifticth trial the swims became shorter and near the end of 
the trials the reaction consisted only of a few vibrations. 

From these data and those on response to shadow stimuli, it seems 
clear that two different mechanisms are involved; a relatively long in- 
terval is necessary to secure anything like a regular response to the 
shadow stimulus, when repeated, whereas a very brief interval is suf- 
ficient in the case of stimulation by touch. 

Effect of Temperature ——Between 20° C. and 38° C., the cercarize 
usually swam when touched by a needle, but at lower temperatures a 
high percentage of failure occurred. Below 10° C. the response con- 
sisted of the jerkings which are the only movements found at these 
temperatures. 


TABLE V 


Comparison of duration of spontaneous swim with that following stimulation 
by shadow, touch, and stream of water. Duration of swimming in seconds. 
Cercaria @ Cercaria b 


a. eck ane wane 1.16 + 0.17 0.69 + 0.07 
Stimulation by: 


NS oe oi is oe 2.15 + 0.16 1.84 + 0.17 
MS tictvceeie eae 3.24 + 0.29 1.95 + 0.16 
Stream of Water......... 2.66 + 0.24 2.01 + 0.16 


CoMPARISON OF SPONTANEOUS WITH STIMULATED SWIMMING 


It was observed that when C. hamata swam spontaneously, the av- 
erage duration of swim was shorter than when it was stimulated by 
any of the methods used. This was tested experimentally on a number 
of individual cercariz, in the following manner. The duration of a 
spontaneous swim was measured, and then fifteen seconds after the 
cercaria had stopped a shadow was cast upon it and the duration of 
the resulting swim measured. This was followed by touch with a 
fine wire and stimulation by a fine stream of water from a pipette, and 
the series was repeated twenty-five times for each individual. The 
cercaria was always allowed to swim twice between stimuli and the 
stimulus was then applied 15 seconds after the cessation of the second 
swim; occasionally the duration of the period of sinking was shorter 
than £5 seconds, in which event three spontaneous swims intervened 
between stimuli. 

Data for one hundred observations on each of two cercarie are 
given in Table V. It was calculated that the difference between the 
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mean for the spontaneous swims and those for the three types of stimuli 
is 4.2 (shadow), 6.2 (touch), and 5.1 (stream of water) times the 
probable errors in the case of cercaria a, and 6.2 (shadow), 7.2 (touch), 
and 7.4 (stream of water) in the case of cercaria b. For nine other 
cercarie the probable errors were not calculated, but it is evident that 
the differences are statistically significant. 


DIscuSssION 


Reactions of the sort described in this paper have been found in 
some. species of most of the large groups of animals, but among the 
larval trematodes they are quite common, particularly the response to 
shadowing. The extent to which these varied responses aid cercariz 
to reach an intermediate or final host has been studied in only one in- 
stance. Miller and McCoy (1929; and in press) have shown that the 
reaction of Cercaria floridensis to shadows, cast by fish intermediate 
hosts, carried the cercaria to the upper levels of the water and hence 
possibly was a factor in the infestation of the fishes. On the other 
hand, Cort and Brooks (1928), who studied the characteristic behavior 
but not the reactions to stimuli, of a number of fish-penetrating holo- 
stome larve, believe that the activity of the fish intermediate hosts is such 
that they would come in contact with the cercariz, so that there is no 
necessity for activity on the part of the latter. Until experiments have 
been carried out on each species, the adaptive value of these reactions 
to shadow and to mechanical stimuli cannot be determined. The reac- 
tions to shadow described for C. hamata could be brought about in nature 
by animals swimming above the cercariz, and the swimming upward 
would carry the cercaria toward a possible host. Judging from Cort’s 
studies (1922) on the escape of cercariz from their snail hosts it is 
likely that Cercaria hamata would emerge in but small numbers at 
temperatures below 17° C., and, on the basis of the present data on 
effect of low temperatures, would only occasionally react to a shadow 
cast by a possible host. 

From the results of the present preliminary study it seems evident 
that a dual mechanism is involved in the response to shadow and to 
touch, because the cercaria may be kept in almost continuous locomotion 
by touch stimuli, whereas a relatively long interval must intervene be- 
tween shadow stimuli to secure anything like a regular response. Ex- 
periments are now under way which are so planned as to elucidate 
further the nature of this dual mechanism. Effects of curare, nicotine, 
and other substances which specifically affect myoneural junctions are 
being studied, as well as the effects of polarizing currents, ultra-sonic 
radiation, and other forms of stimulation. 
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SUMMARY 


1. Cercaria hamata swims intermittently. A short, rapid swim al- 
ternates with a relatively long period of quiet sinking. 

2. The duration of the period of sinking decreases with rise in 
temperature. Below 15° C. the cercariz exhibit jerking and lashing 
movements in place of swimming. 

3. Shadowing a dense group of cercarie results instantly in the 
almost simultaneous swimming of most of them. The response is 
partly due to the shadow stimulus and partly to the mechanical stimulus 
occasioned by the colliding of active individuals with quiet ones. 

4. Repeated shadowing at short intervals results in inhibition of 
swimming. 

5. Mechanical stimulation by touch (or a stream of water) initiates 
swimming instantaneously. Only a very short interval between stimuli 
is necessary to keep a cercaria in almost continuous locomotion. This 
indicates that a dual mechanism is involved in response to shadowing 
and to touch. 

6. The duration of swim in response to shadow, touch, and stim- 
ulation by a stream of water is significantly greater than that of a 
spontaneous swim. 
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ON TEMPERATURE AND THE BREATHING RHYTHM OF 
CANIS MUSTELUS AND SQUALUS ACANTHIAS 


A. E. NAVEZ 


(From the Laboratory of General Physiology, Harvard University, Cambridge, 
Massachusetts) 


The casual observation of dogfishes in aquaria reveals immediately 
a noteworthy regularity in the rhythmic movement of the gill-slits. 
The movements of the spiracles are codrdinated in a perfect way with 
those of the slits and they go on with the same regularity, without in- 
terruption, for long periods. All these features seemed to point to 
the suitability of this animal for a study of the frequency of gill move- 
ments as controlled by temperature. 

The previous work of Bethe, Baglioni, and others had shown con- 
siderable irregularity in the Q,, ratio (cf. Kanitz, 1915) ; the observa- 
tions of Crozier and Stier (1924-25) on the opercular breathing rhythm 
in the goldfish, on the contrary, showed regularity in this rhythm under 
properly controlled conditions and demonstrated the applicability of 
the Arrhenius equation to the data obtained. Would the dogfish obey 
the same rule and in a similar way? 

For the observations, young specimens (25 to 37 cm. long) were 
kept in a large aquarium the temperature of which was maintained 
constant to within + 0.05° C. for periods of 30 to 50 minutes at any 
given temperature. The number of points on the thermometric scale 
chosen for the observations was made as large as possible, and in gen- 
eral at each temperature from 20 to 30 series of 20 beats were timed 
with a stop watch. The regularity of the breathing rhythm at constant 
temperature is remarkable; countings of 20 to 30 successive series of 
20 beats often agreed to within 1 to 2 per cent. The only exception 
seems to be around 15° C. where more erratic values are found. We 
will come back later to this point. Let us note also that Crozier and 
Stier have found agreement of the same order of magnitude. Care 
was taken to allow time for complete temperature equilibrium between 
the organism and the medium, the water of the aquarium also being 
stirred gently. The aquarium was almost completely insulated by a 
cover which cut out most of the light; a small portion of the surface 
only was left uncovered to permit observation. The water in the 
aquarium was kept as close as possible to saturation with air, so as to 
exclude any possible effect of O, concentration. Observations made 
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with waters having different concentrations of O, did not show any 
direct effect of oxygen concentration upon frequency of breathing 
movements, at least in the range considered. The first observations 
showed immediately the importance of having the animals perfectly 
quiet. Measurements can only be made if the animals have not been 
actively swimming for at least five minutes, the gill rhythm being 
speeded up after swimming. This is in harmony with the observations 
of Parker (1909) “. . . that the rate of gill movement in the dogfish 
depends upon the momentary state of movement of the animal. When 
resting they vary from 35 to 40 movements per minute. When swim- 
ming slowly they respire 50 to 55 times per minute. In vigorous swim- 
ming, the rate is doubtless still more rapid.” These observations were 
made probably between 15° and 18° C., and the frequencies agree fairly 
well with those here found. 

The first indications given by the observations show that the values 
for Q,, are rather erratic, as will be seen in Table I. 


TABLE I 


Qe ratios 
11.4°C., IFC. 13.3°C. 


215°C, ~ 2:06 2.75°C. ~ 2°38 235°C, = 1:72 


14.5°C. 1.78 15.9°C. — 17.5*° C. = 210 

24.5° C. " 20.5° C. : 22.75° C. 

The data were treated to determine the goodness of fit of the Ar- 
rhenius equation (Fig. 1). The graph shows immediately that nearly 
all the points are distributed within three main bands, each with 
parallel edges; a fourth, small, short band parallel to one of the three 
main ones, contains the rest of the points. These bands may be called 
I, Ia; II, III (cf. Fig. 1). The values found for » are: 


. 16,400 


The first of these values corresponds exactly with that found for 
the opercular breathing rhythm of the goldfish by Crozier and Stier 
(1924-25). But, differing from what was found in the -latter case, 
where only one temperature characteristic was secured, two additional 
values of » appear (8,200 and 35,000). One should note the fact that 
the observational points which fall in Ja, were followed suddenly by 
points falling in the upper part of band JJ, without any smooth transi 
tion. The absolute values for the points in Ja are very different from 
those in J, but the slopes of both J and Ja are identical. 
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Another shift of points occurs also for 7, where under certain not 
well-determined circumstances, in the neighborhood of 14.5° C., a 
sudden shift to J] may be found. These cases of shift from one band 
to another are analogous to the ones found by Crozier and Stier (1925- 


100 
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G- frequency. 


lo 
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000345 
Vr. abs. 


Fic. 1. Mass plot of all observations on Mustefus canis. Each animal has 
been represented by a different symbol. Each plotted point corresponds to the 
mean of 10 or 20 sets of readings, each reading being the time required for 20 
gill movements. The number of sets of readings has been kept consistently 10 
(or 20) for each animal; in other words, for any one animal there are 10 (or 
20) sets of readings at each temperature. 


26, p. 552) with the goldfish, after the animal was kept for 3 hours 
at 25° C. They agree with records obtained in many other instances, 
and are therefore an excellent argument in favor of the idea of different 
reactions playing definite roles within definite limits of temperature. 
Occasionally one finds some observational point departing totally from 
the rest of the collection, and in many cases these data fall exactly in 
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the other band. These abrupt departures are especially frequent around 
critical temperatures, making these points very obvious in the graph 
when all observations are plotted separately. Necessarily all illegitimate 
averaging smooths out such points, which at the same time often lowers 
the absolute value of these average frequencies. 

Changes of slopes of this nature are not surprising, as they have been 
found previously. They may perhaps indicate here that the “ funda- 
mental mechanism” determining the frequency of gill movement, which 
yields » = 16,400, may be in its turn linked with processes having lower 
(8,200) and higher (35,000) values of the critical increments. It has 
been suggested by Crozier and Federighi (1924-25) that the value 
»==8,200 may be perhaps understood as reflecting the velocity of 
central nervous processes concerned in respiratory movements of fishes 
and other vertebrates. In all cases we may consider that the “ funda- 
mental mechanism” is by no means a simple one but must be probably 
of catenary type, more or less complicated, but where one of the three 
reactions (here characterized by their respective values of ») plays the 
role of master reaction at any one moment. 

We have not tried to find out any possible correlation existing be- 
tween breathing and cardiac rhythms, as this would have obliged us 
to introduce in the animal pieces of apparatus which undoubtedly would 
have altered the breathing rhythm at least. We had noticed that the 
placing of a small glass rod (which has to be applied with utmost care 
in order to avoid all indirect stimulation) in the immediate vicinity of 
the opening of the spiracles affected singularly the coordination existing 
between spiracles and gill slits. Occasionally “beats” of the spiracles 
(in certain cases 3-4-5 in succession) are skipped although the gills 
operate at their normal constant rhythm. Scott (1913) had noticed 
also the relative independence of heart and gill movements, where he 
(p. 61) notes that the heart can continue to beat long after respiration 
has ceased, and that even when both organs are in action their rates 
may be increasing and decreasing independently of one another. On 
the other hand, Lyon (1926, p. 282) says that “ even without artificial 
respiration, the heart may continue active long after breathing ceases ” 
and on page 283 “that the heart rate of the sand shark is intimately 
related to the respiration rate. Usually the two are equal . . . the 
heart . . . normally takes its rate from respiration.” One must re- 
member that these experiments were performed with the sand shark 
(Carcharias), which has a slightly different type of water movement 
path than Mustelus canis, and that furthermore, as these animals were 
operated upon to introduce canule and connecting solutions for blood 
pressure determinations, and were kept partly out of water, they were 
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far from being in a state of “no interference” to which we wished to 
restrict ourselves. 

The respective positions of the bands in Fig. 1 determine at least 
two critical temperatures: J and JJ intersect at about 20.5° C.; JJ and 
ITI, at about 14.5° C. The fact that these temperatures occur as critical 
temperatures in other respiratory activities (cf., e.g., respiration of 
Molge, Rana, Bufo for 15° C., Crozier, 1924, p. 198; respiration of 
Vicia faba for 20.5° C., Navez, 1929, p. 656) is rather striking. Crozier 
and Stier had noticed also that at temperatures above about 15° C., 
the pectoral fins of the goldfish were rather active, affecting by their 
movements the breathing rhythm, and that below this temperature no 
such disturbing activity was exhibited. We pointed out previously 
that the latitude of variation of the data was rather small, of the order 
of 1 to 2 per cent. Only in the vicinity of 14.5° C. do we get a varia- 
tion which is, at its maximum, 7 per cent, but which, on both sides of 
this temperature, reduces to its normal size. The fact that we did not 
get such changes in the latitude of variation for the other critical tem- 
perature seems to indicate that this variation is in itself indicative of 
some definite change taking place in the organism, conceivably—for 
example—modifications in the reactions controlling discharge in the 
synapses. This would be consistent with the idea of assigning the 
value «== 8,000 + to processes of central nervous origin determining 
breathing movements in the dogfish. 

Another point may be made in relation to this matter of variation. 
When we speak here of “ variation,” we mean the tendency of such 
data to be scattered, in a seemingly random manner, in the band (Fig. 
1) that we fit to them, and do not have reference to the error or mistake 
that the observer could have introduced involuntarily. The variation 
found in the data is im the material, truly a property of the organism, 
and not due to some lack of precision in the measurements. How could 
we in fact understand that the observer could make such errors that 
would cause all his data, after averaging, taking of reciprocals and 
logarithms, to fall in a band with parallel edges? A variation pre- 
senting such properties ought to permit us to analyze it as a function 
in itself. In other words we can consider, in the behavior of the organ- 
ism, the behavior of a mathematical function and try to correlate one 
with the other. Analogous cases have been described by Crozier (1929). 

First, why are the bands with parallel edges? It might be objected 
that it is impossible to conceive a regularity in the observations that 
would give such bands. It may be urged that viscosity, and the general 
complexity of protoplasm, would make the scatter of observational data 
rather irregular. One may point out that it would be astonishing if 
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in the very large number of cases now on record, such things as vis- 
cosity would have behaved consistently in a way that paralleled the 
behavior of the process considered; in other words, that viscosity and 
other properties should have a series of temperature characteristics 
always the same as that of the process under study. Furthermore, 
would it not be strange that from worms up to mammals the rule gov- 
erning viscosity, for instance, would be similar to the one controlling 
respiration or cardiac rhythm? Is it not rather a case where the very 
inconsistent appearance of the data of some authors is indicative, more 
of the ways of operation of the observer than of some fundamental 
character so easily ascribed to protoplasm? One could advance several 
reasons why divergences from a band with parallel edges “ shouid” 
be found, but in the absence of such effects they need not be considered. 
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Fic. 2. The upper half of the graph is a reproduction of the points ob- 
tained for the animal represented by circles with horizontal diameters in Fig. 1. 
The lower half is a plot of the log of the P.E. of the mean frequencies of gill 
movements as a function of temperature. The slopes of the two lines are equal. 


Let us go back to Fig. 1 and select out of the series of observations 
two sets to illustrate another point: a series (represented by a circle 
with an horizontal diameter) occurring in band /, and a second series 
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(indicated by solid circles) occurring in bands J and JJ. Each one 
of these series, plotted separately as in Figs. 2 and 3, shows this dis- 
tribution of points in bands with parallel edges. We have represented 
also in the lower half of each figure the relation of the P.E. of the 
mean time for 20 beats to temperature for each of the points repre- 
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Fic. 3. The upper half of the figures is a reproduction of the points obtained 
for the animal represented by solid black circles in Fig. 1. The lower half is 
a plot of the log of the P.E. of the mean frequencies of gill movements as a 
function of temperature. The slopes of the lines are equal, and the break in 
each curve is located at the same temperature. 


sented in the upper part. In each case the slope of the best-fitting line 
in the P.E. graph is the same as that obtained for the mean frequencies 
(cf. Crozier, 1929). In other words, the latitude of variation of the 
observations is a constant fraction of the mean, and both mean and 
variation of the mean are affected by temperature in the same way. 
Their temperature characteristics are the same. 
illustrated in the second case where a definite shift from one value of 


This is particularly 
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» to another occurs. The P.E. curve shows the same break at the 
same point on the thermometric scale. 

Two other conclusions can be drawn also: (1) a straight line rela- 
tionship must exist between the P.E. of the mean (or the standard 
deviation of the mean) and the mean itself, (2) the standard deviation 
of the mean divided by the mean (i.e., the coefficient of variability of 
the mean) must have no temperature characteristic (1.e., the slope against 
1/T must be zero. Each one of these conclusions has been illustrated 
in Figs. 4 and 5. [The use of om (the standard deviation of the mean) 


15 20 25 50 
™m. 


_ Fic. 4. The standard deviation of the mean frequency of gill movements 
is a linear function of the mean. 


instead of the P.E. affects only the size of the unit and not the form 
of relation.] Obviously the straight line relationship is obeyed and 
the seemingly best-fitting line we draw through the scattered points 
of Fig. 5 is a line with a slope equal to zero or very close to it. 
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Fic. 5. The “ variability” of the mean (i.¢., the standard deviation of the 


mean divided by the mean) as a function of temperature; this “ variability” is 
constant. 
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An analogous case has been described by Crozier (1929, p. 95) in 
relation to the behavior of guinea pigs on an inclined plane. The angles 
of orientation assumed by the animals on the plane for different in- 
clinations of the plane show a very marked change in their variation at 
a given point (45°). The probable error plotted versus the angle of 
tilt of the plane shows a marked break at 45°, much more marked 
indeed than the one in the regular plot of orientation versus tilt of 
plane. This change in a mathematical function can, here also, be 
definitely correlated with reactions in the animal: the type of creeping 
is different above and below 45°. 

These observations lead to the conclusion that in the cases where 
experiments have been made in a controlled way, where averaging of 
data has been done with discrimination, and where, as a whole, the 
observations are correspondingly weighted, we can study not only the 
phenomenon itself, but also the laws of variation of this phenomenon. 
These provide an additional check on the existence of critical tempera- 
tures and enable us to fix them in a quite independent way. In such 
cases, the study of the P.E. and of the coefficient of variability will 
confirm for us the idea that biological material may not be so “ variable ”’ 
as it is often taken to be. 

Observations were made also on the spiny dogfish (Squalus acan- 
thias). These data are identical with those in Fig. 1 giving the » 
value of 16,400. Here also, in a few instances we found sudden shifts 
to the value 35,000. As the observations were not numerous enough, 
they are not given in detail. 

We seem to have here a case homologous with the one found by 
Crozier (1924) in the data of Miss Leitch (1916) on the rate of de- 
velopment of the radicle of Pisum. Crozier showed (cf. 1924, Fig. 13, 
p. 207) that in this case these increments can be found: one of 16,450 
when the observations were taken over periods of 0.5 hour; a second 
and a third one (over different temperature ranges) when the determina- 
tions were carried over periods of 22.5 hours. This last series of in- 
crements was obtained for data which included thus the hours of dark- 
ness and the daily rhythm of cell division in the plants. The former, 
on the contrary, were taken over short periods which could thus “ av- 
erage” out any possible trend due to the moment of observation with 
respect to the normal division rhythm. 

The possible coexistence of such a series points to the fact that any 
one of two (or three) factors can act at any moment as “ pace maker,” 
impressing thus its temperature characteristic on the whole system. 
Our case is homologous in that we also have found for different animals 
the shift of one increment to another indicating a corresponding shift 
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in the pace makers of the system. Any one of these could come into 
control and last for a certain time, and then be replaced by another one 
determining another thermal increment for the system. 


SUMMARY 


The temperature characteristic or critical thermal increments (,) 
for the movement of the spiracles and gill slits in the dogfish Mustelus 
canis (and Squalus acanthias) are 8,200; 16,400 and 35,000 calories. 
Critical temperatures are found at 14.5° C. and at 20.5° C. The lati- 
tude of variation of the measurements varies in a definite way and this 
is correlated with the occurrence of a critical temperature of 14.5° C. 

The reactions controlling breathing movements seem to be catenary 
processes, one of which may be concerned with the central nervous 
control of the breathing movements, over a certain range of tem- 
peratures. 
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HIBERNATION OF THE THIRTEEN-LINED GROUND 
SQUIRREL CITELLUS TRIDECEMLINEATUS 
(MITCHILL) 


V. Foop, Ligut, Conrinep Arr, PRECOOLING, CASTRATION AND 
FATNESS IN RELATION TO PRODUCTION OF H1IBERNATION ? 


GEORGE EDWIN JOHNSON 
Kansas STATE AGRICULTURAL COLLEGE 


INTRODUCTION 


The cause of hibernation has been considered by many investigators 
and to account for it there has been presented a large number of theories, 
some based upon extended observations, others founded upon more 
or less casual studies of a small number of animals. In few instances 
have carefully controlled experiments been conducted. Most of these 
theories have been brought together by Rasmussen (1916). 

Several authors admit that starvation tends to produce hibernation 
(Mangili, 1807; Hall, 1832; Merzbacher, 1904; Simpson, 1912; Mann, 
1916; Shaw, 1925; and others). Most of these also state that little 
food was eaten shortly before a mammal goes into hibernation, indi- 
cating that hibernation took place when food was present and that 
starvation was not a factor. Dry food is considered a cause of zstiva- 
tion (which is apparently a condition of lowered metabolism accom- 
panied by a drop in body temperature, as in hibernation, but of a less 
degree and occurring in the summer or fall instead of in the winter) 
by Shaw (1925), Kashkarov and Lein (1927) and Kalaboukhov (1929). 

Vitiated air was not considered as having any effect on hibernation 
in marmots by Mangili (1807), but Bert (1868, 1870) was able to 
produce lethargy in dormice by placing them at a low temperature in 
a bell jar deprived ef air. 

There appears to be an agreement among those authors who have 
mentioned adiposity that this condition is common in the fall among 
hibernators and that such a condition is favorable to hibernation, ¢.g., 

1 Contribution 118 from the Department of Zodlogy, Kansas State Agricul- 
tural Experiment Station, Manhattan, Kansas. Earlier papers in this series deal 
with conditions in hibernation (Johnson, 1928), waking from hibernation (John- 
son, 1929a, 1929b), and the influence of thyroxin, pituitrin and dessiccated thymus 


and thyroid on hibernation (Johnson and Hanawalt, 1930). For abstracts refer- 
ring to portions of this work see Anat. Rec. 31: 337 and 37: 225. 
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Mangili (1807), Horvath (1881), Forel (1887a, 1887b), Mills (1892, 
1893), Claparéde (1905), and Mann (1916). According to Rasmussen 
(1916), this view was also presented by Sacc (1858). 

No study has apparently been made relative to the effects of light 
and darkness, precooling, or castration, although Mann (1916) usually 
placed his ground squirrels in the dark in addition to starving them. 
and cooling the room when he wished to produce hibernation. 

The present work was begun in 1925 and has been continued to 
1930 as time and numbers of animals available have permitted. Ground 
squirrels of the variety Citellus tridecemlineatus pallidus Allen from 
western Kansas were used. Since this variety has been broken up by 
Howell (Proc. Biol. Soc. Wash., 41: 211), it would seem that some at 
least of the animals used would belong to the southern group (C. t. 
arenicola) of what has previously been taken as all belonging to the 
variety or subspecies C. t. pallidus. Large numbers of ground squirrels 
could usually be obtained, so that the data of the different experiments 
could be treated statistically, thereby eliminating, to a large extent, per- 
sonal judgment. Furthermore, for each animal placed under experi- 
mental conditions, another of like weight and sex was usually placed 
under conditions that were identical except for the one factor being 
tested, e.g., food, confined air, etc. Observations soon showed that 
there was considerable individual variation and that the use of large 
numbers was necessary in order to make the results reliable. The work 
was done partly in a refrigeration room in which there was some daily 
fluctuation of temperature, but chiefly in an automatically controlled 
electric refrigerator in which there was very little fluctuation of tem- 
perature. 


EXPERIMENTAL 
Starvation and Darkness 


These two conditions were studied together in nineteen experiments, 
from January to October, 1925. Each experiment lasted between 7 
and 23 days. Three ground squirrels were fed in the light, three were 
fed in the dark, three were starved in the light, and three were starved 
in the dark. The starved animals were given water, green feed and, 
in most of the experiments, five kernels of corn daily. The fed animals 
were given water, green feed and liberal quantities of oats, with some 
wheat or corn at times. The light which was used to illuminate half 
of the cages was furnished by one 100-watt and one 50-watt electric 
bulb which were kept going throughout the experiments. The lights 
were at a distance of about six feet from the cages. The temperature 
of the cold room, which was approximately a ten-foot cube, showed an 
average range of daily fluctuation of 6° C. 
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At the end of an experiment the 12 animals were removed to the 
heated animal house and fed daily. Usually these were returned to 
the cold room in a new experiment in about two weeks and given 
treatment opposite to that in their previous period to balance out indi- 
vidual tendencies if there were any. It also avoided starving any animal 
at close intervals. 


TABLE I 


Food and light in relation to hibernation. Summary of daily records in the 
cold room. 


The total days that the three animals were in the refrigeration room are 
given within the parentheses; the total days before hibernation for each group 
of three are given before the parentheses; the latter divided by the former gives 
the percentage of days before hibernation for each group of three animals and 
is given in the per cent column. 











Fed and light Fed and dark Starved and light | Starved and dark 
Date Time 
|“ pees {po 
1925 days} Total | Per| Total | Per| Total | Per| Total | Per 
days cent days cent days cent days cent 








39 (39) 100} 33 (39)| 85} 12 (39)| 31 | 24 (39) | 62 
42 (42) |100} 42 (42) |100} 11 (42)| 21 12 (42))| 29 
42 (42) 100} 29 (39)| 74| 10 (42) | 24| 24 (26) | 92 
48 (48) |100| 42 (42) |100 7 (48) | 15 6 (14)| 43 
56 (69) | 81} 69 (69) |100| 34 (66)| 52} 66 (66) |100 
45 (45) |100|} 45 (45) |100} 23 (45) | 51 7 (45) | 16 
54 (54) |100| 43 (54)| 80) 31 (54) | 57] 30 (54) | 56 
39 (39) |100| 37 (39)| 95 | 26 (39) | 67 | 24 (39) | 62 
26 (26) |100} 39 (39) |100} 10 (26)| 38| 29 (39) | 74 
39 (39) |100| 39 (39) |100| 15 (39) | 38} 15 (39) | 38 
27 (39) | 69| 27 (39) | 69 3 (39)| 8| 11 (39) | 28 
| 24 (24) |100| 18 (36) | 50 6 (24) | 25 7 (24) | 29 
7 (33)| 21] 15 (33)| 45| 23 (33)| 70| 14 (33) | 42 
33 (45)| 73} 30 (45) | 67| 26 (45)| 58| 16 (24) | 67 
34 (48) | 71 9 (48) | 19 3 (48)| 6| 17 (48) | 35 





607 (746) 574 (760) 270 (741) 327 (683) 


81.4 75.5 36.2 47.8 








In tabulating and evaluating the results (Table I) the number of 
animals given the same treatment (e.g., given feed in the light) is 
multiplied by the days duration of the experiment (7 in the first ex- 
periment, to 23 in the ninth) to obtain the total days in the cold room, 
given in parentheses. The days spent in the cold room by each of the 
three animals before going into hibernation are added to obtain the 
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total days before hibernation, placed before the parentheses. The 
latter divided by the former gives the percentage of days before hiber- 
nation. The totals of the experiments are brought together in Table 
II and the percentage of days before hibernation computed for each 
of the four conditions, fed and light, fed and dark, starved and light, 
and starved and dark. When the percentages of days before hiber- 
nation are compared, it is observed that both of the fed groups averaged 
much higher than the starved groups. Feeding therefore delays hiber- 
nation, or starvation hastens entrance into this condition. The two 
“dark” groups show no marked difference from their corresponding 
“light” groups. Light or darkness appears to play very little, if any, 
part, then, in inducing hibernation. 


TABLE II 


Summary of Percentages of Days Before Hibernation from Table I 


Fed vs. Starved Light vs. Dark 
LR is bane 0 3 81.4 36.2 A ere 81.4 75.5 
NE wit isn cask 75.5 47.8 SOarved) ...... 0 36.2 47.8 
Averages........ 78.5 42.0 Averages....... 58.8 61.6 


Fed vs. Starved Light vs. Dark 








a 
RIN 6G hesheoee 10.9 48.0 ee 10.9 15.2 
BNR ania ois an 15.2 36.8 Starved....... 48.0 36.8 
Averages........ 13.0 42.4 Averages....... 29.4 26.0 


The data have similarly been tabulated to show the percentage of 
days in hibernation as a different measure of the production of hiber- 
nation. Only the summary of this table is included in Table II. The 
average percentage of days in hibernation is much higher for the 
starved groups than for the corresponding fed groups, showing in a 
different way the effectiveness of starvation in the production of hiber- 
nation. Here also there is no marked difference between the two dark 
and the two light groups. The difference is still less when the average 
of the two light groups is compared with that of the two dark groups. 
Statistical treatment showed that the results between each fed group 
and its corresponding control was significant (Difference/Probable 
Error = 11.3 in one case and 6.3 in the other case). The difference 
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between the “ light” and “ dark” groups was not significant (D/PE = 
1.6 and 2.4, respectively ). 

It appears safe to conclude from these experiments that starvation 
is a condition favorable to the production of hibernation, whereas dark- 
ness is no more conducive to hibernation than artificial light of a strength 
such as is used in an ordinary well-lighted room. Whether ultra-violet 
light might stimulate the animals to stay awake has not been investigated. 


Confined Air 


Preliminary experiments in which some animals had been placed 
in half-gallon tin cans with tight lids in which were punched only 
two six-penny nail holes about 3.0 mm. in diameter resulted in death 
in some of the animals. Four such holes, however, appeared to admit 
sufficient air to prevent suffocation at refrigerator temperatures. In 
each experiment three animals were placed in the four-hole cans, three 
were placed in open wire cages (6 x 6x 10 inches) as controls and three 
others were placed in half-gallon cans with highly perforated lids to 
admit an abundance of air. The latter cortrols were used to determine 
the effect, if any, of the limited space on the experimental (confined air) 
animals. Except in a few short preliminary experiments the animals 
were fed whole oats, wheat or corn, and a small amount of green grass 
or sprouted oats daily. Wood shavings were used as nest material 
and in the cans also served to absorb the moisture from the breath 
of the animal. Each experiment was usually terminated after 7 days. 
The animals were usually undisturbed except for the daily observations. 
All the animals were in the dark. 

From Table III it is to be noted that in all four sets of experiments 
or periods the confined air animals went into hibernation sooner and 
stayed in more of the time than the animals in the open cages. A 
summary of the results of these experiments shows that those animals 
in confined air went into hibernation after 19 per cent of the total days 
they were in the refrigerator as compared to 49 per cent in the case 
of the open cage animals. These results are quite significant (D/PE = 
9.5) in showing the retarding effect of free air upon entrance into 
hibernation. The confined air animals were in hibernation 68 per cent 
of the days in the refrigerator, whereas those in open cages were in 
hibernation only 41 per cent of the days. These results are also sig- 
nificant (D/PE=9.4). The total differences of periods 1 and 2 
(Table III) and also of periods 1, 2 and 3 were found to be significant. 

The confined air animals also showed an earlier entrance into hiber- 
nation and more days in hibernation than did those in the cans with 
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many holes. The percentage of days before hibernation was 19 in the 
case of the experimental and 39 in the case of the controls in the many- 
hole cans (D/PE=5). The percentage of days in hibernation was 67 
for the experimentals and only 45 for the controls in many-hole cans 
(D/PE=6.7). These results show a significant increase in early 
entrance into hibernation and continuance in this state because of the 
confined air, and show that the limited space of the cans played little, 
if any, part in the production of hibernation in the four-hole cans. It 
is to be noted, however, that in the last experiments (13-15 animals) 
nearly as much hibernation occurred in the cans with many holes as 
in those with four holes. In the other groups of experiments which 
included larger numbers of animals this was not the case. In these last 
experiments two conditions were unfavorable to hibernation in the four- 





hole cans. One was that the refrigerator was running very little and 
did not freeze the condensed moisture in the refrigerator as in active 
refrigeration, resulting in a high humidity in the cans. The other was 
that the animals were placed in the four-hole cans just as soon as placed 
in the refrigerator. Furthermore, the temperature in the refrigerator 
was not as low as usual. In this connection it should be stated that 
one condition tending to retard hibernation in the four-hole cans, in 
most of the experiments, was the retention of heat in these cans as 
long as the animal was active, i.e., not torpid. Observations showed 
the temperature to be higher in these cans than in the cans with many 
holes. In some cases the animal appeared to be irritated by the con- 
fined air if it did not soon become torpid, and in the last series of ex- 
periments some of the confined air animals died. 

Two methods of lowering the temperature in the four-hole cans 
were tried. In one experiment these cans were placed on a shelf below 
the others which was not over one degree cooler. In three other ex- 
periments the four-hole cans were wrapped on the sides by a small 
towel and then set in a shallow pan of water. Evaporation tended to 
cool the can one to three degrees below the temperature of the cans 
with many holes when the animals were normal in both. To avoid 
overcooling the four-hole cans, it was deemed best to place them on 
the same shelf without additional cooling by wet towels, etc., and permit 
the higher temperature to be a handicap to hibernation. Confined air, 
therefore, is probably more effective in the production of hibernation 
than indicated by these experiments and doubtless aids production of 
hibernation in nature, since the animals plug the entrance into their 
burrows when they retire in the fall. The limited space played very 
little part in the production of hibernation, possibly because the animals 
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usually roll up in the nest whether in a large or small cage except when 
eating. Most of these animals did not actively try to escape from 
the cages or cans. 


Precooling 


Proponents of the view that hibernation is produced not by ex- 
ternal conditions, but by an internal seasonal rhythm, have pointed 
to the greater difficulty in producing hibernation in the summer with 
artificial cold than in winter. While less tendency to hibernate in the 
spring and early summer than in the early winter has been noted by 
the author, it must be recognized that several external conditions may 
be different in the fall from those obtaining in the spring and summer. 
The effects of a previous season of hibernation, the poor condition of 
the wild animal when caught for early summer study, and the greater 
excitability of new wild animals also usually caught just before the 
summer experiments are in contrast with the conditions produced by 
keeping the animals one to several months for the study of winter 
hibernation. The observations made so far suggest that these con- 
ditions influence hibernation. In the summer, also, animals are likely 
to be removed directly from a warm room into a refrigerator, whereas 
in the fall they are often taken from a room which has a low and pos- 
sibly fluctuating temperature. This precooling of the animal nightly 
in an animal house is almost unavoidable unless special pains are taken 
to control the temperature. Drops in room temperature to 60° or 
even 40°C ‘would not be unusual under ordinary conditions of heating. 

The effect of this condition of daily precooling has been investigated 
in seven experiments. In each experiment 10 animals were taken to 
a cold cave or attic where the temperature averaged about 16° or 17° C. 
for an average of about eight hours in one experiment and 15 hours 
in the others for a period of about ten days. Ten controls were kept 
in the animal house at an average temperature of about 26° C. or about 
80° F. The animals in the cave or attic occasionally became partly 
torpid, but controls in the animal house did not hibernate there. 

After this preliminary treatment, the animals were all removed 
to a refrigerator kept at a temperature which was constant or changed 
very slowly. The average temperature was about 7 or 8° C. Experi- 
mental (precooled) and control animals were on the same shelf, and 
therefore under identical conditions. In the seven experiments (Table 
IV) a total of 62 precooled animals went into hibernation after an av- 
erage of 35.5 per cent of their days in the refrigerator while the controls 
entered hibernation only after 60.5 per cent of their total days in the 
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refrigerator, indicating that precooling caused the animals to hibernate 
sooner. In the per cent of days in hibernation the effect of precooling 
was also evident, but not to the same extent. The precooled animals 


TABLE [V 


Precooling Experiments 















































Precooled (Experimental) Animals Controls 
Date | 
Per cent Per cent No. 7 Per cent Per cent 
No. of : No. of ; 
d: bef. d f : d bef days 
animals hibernation ubuantion oye animals hibernation hibernation 
1927 
Jan. 1 9 34 43 15 9 43 | 29 
Jan. 12 10 42 44 13 | 10 75 | = 20 
Jan. 27 7 29 40 15 8 72 15 
Feb. 15 10 41 30* i4 10 90 8* 
1928 | 
Mar. 6 7 41 24* 8 9 72 9* 
1929 
Nov. 7 9 35 43t 11 9 29 51f 
Nov. 16 10 20 63 6 9 36 48 
SS a a alsin hana a 
Averages 35.5 41.7 60.5 26.0 








Below are those experiments in which less than three animals in either group (experimental 
or control) hibernated. 


1927 
Mar. 2 9 81 8 14 10 93 3 
Apr. 3 9 93 2 18 10 84 13 
Apr. 27 6 100 0 7 6 100 0 
1930 
Feb. 4 9 98 2 7 9 70 14 


* Note low percentage of hibernation in February and March, yet the precooled 
animals entered hibernation much sooner than the controls. 

+ Both groups went into hibernation very quickly in this experiment. Con- 
trols had been partly precooled, as the room temperature fell to 21° C. or 13° C. 
each night. Experimentals were in a temperature over night which fell to 10- 
20° C. 

t Averages from another table in which each animal is counted equally. Not 
an average of the group averages given above. 


hibernated 41.7 per cent of their total days in the refrigerator, while 
the controls hibernated only 26.0 per cent. 
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The difference in days before hibernation of the two groups was 
quite significant (D/PE 6.48) and that for days in hibernation was 
fairly significant (D/PE = 3.88). As the influence of the precooling 
would wear off in a few days after placing the animals in the refrig- 
erator, more importance should be attached to the data of days before 
hibernation than those of days in hibernation. 

It should be noted that precooling was conducive to increased hiber- 
nation in the months of November to January, with one exception in 
which the controls had been precooled slightly through inability to 
control the temperature of the animal house. Precooling was less or 
not at all effective in the late winter and spring months, the period in 
which the animals gave indications of increased sexual activity by en- 
largement of the testes, scrotum and penis in the male and by enlarge- 
ment of the vulva in the female. While exact comparisons are dif- 
ficult to make between hibernation at the different seasons, it may 
be stated that observations over a period of years indicate that spring 
is not as good a season for hibernation as is the summer. 

These experiments would indicate that one cause of more hibernation 
in the winter than in summer in the laboratory is sometimes a physi- 
ological condition produced by external conditions such as intermittent 
cold which aids in the production of hibernation, providing other con- 
ditions are moderately favorable to entrance into hibernation. Inter- 
mittent cold may not play a great part in nature, since the daily range 
is not great between six inches and one foot in the ground (Bouyoucos, 
1913, 1916; Sweezy, 1903, McColloch and Hayes, 1923), where most 
of the hibernating nests occur (Johnson, 1917). However, a daily 
range of 10° F. or more was frequently noted at the six-inch level by 
Bouyoucos (1916) in loam and clay in September, but the range was 
only about half as great in October, when the soil temperature was 
falling gradually. It seems probable, however, that the gradual cooling 
of the soil would have a similar effect to that of intermittent precooling 
in that it would prepare the animal for hibernation. Whether precooling 
or gradual cooling would eliminate mortality in hibernation in summer 
cannot now be stated, but general observations point in that direction. 
It should also be noted that Payne (1927) has found that preliminary 
cooling as well as dehydration enables insects to withstand more severe 
and longer periods of cold. 


Castration 


Since ground squirrels become sexually active very soon after they 
come out of hibernation and in the animal house begin to show en- 
largement of the external genitalia in late winter, it was thought that 
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waking from hibernation in the spring was possibly induced to some 
extent by the increasing activity and internal secretion of the gonads. 
To test this possibility, a number of male ground squirrels were cas- 
trated and after a time were placed in a refrigerator with uncastrated 
controls. Some animals were used several times. Each experiment 
usually lasted two weeks. In the first four experiments, consisting 
of 3 to 5 castrated animals with the same number of controls, from 
May to July, .1926, there was no hibernation in either castrated or con- 
trol (uncastrated) animals. From July to December, 1926, five more 


TABLE V 


Effect of Castration upon Hibernation in Laie Winter and Early Spring 
































Experimental (castrated) Control (uncastrated) male 
e ground squirrels ground squirrels 
No. of 
_— a —— - Cent Date oo in No. of — ow y Cent 
hibernation | hibernation | €8™™ | Crator | @nimals| bibernation | hibernation 
1927 
6 52 Jan. 13 28t 6 43 
6 82 Feb. 11 13t 6 37 
4 36 Feb, 24 70t 4 13 
4 42 43 Mar. 22 50 | 4 92 6 
1928 
3 0 78 Jan. 30 15 2 25 | 51 
2 a Mar. 8| 19 1 on: 2 
1 100¢ | 0 Apr. 16 12 1 100 0 
ous peniigiecipiegsagtantink avers |---| |--—---- a 
Av. 2.5 44 | 42 ms i 2 61 | 27 
| | Pa! 
Average of individual 
records 27.6 55.6 46.2 33.6 

















+ Continuation of a previous experiment. 
t Animals thin, a condition tending to prevent hibernation. 


experiments, and in August and September, 1927, two more experi- 
ments were performed in which there was an average of 34.5 per cent 
of days in hibernation in the 48 castrated males and 35.3 in the 46 
uncastrated males, showing no effect of castration on hibernation in 
the summer, fall, and early winter. 

Experiments performed from January to March, 1927, and January 
to April, 1928, showed an inhibitory effect of the gonads upon hiber- 
nation at this time of year (Table V). The castrated males showed 
55.6 per cent days in hibernation, whereas the controls showed only 
33.6 per cent days in hibernation in this experiment. The difference 
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is probably significant (D/PE = 3.52) because in other experiments 
normal males have not hibernated much at this time of the year and 
because a castration experiment with females at this time of year re- 
sulted similarly. In five experiments (January to March), with an 
average of 3 animals in each, the spayed females hibernated 45 per 
cent and the normal females only 30 per cent of the days in the re- 
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Fic. 1. Graph showing relation of weight to tendency to hibernate in ground 
squirrels. The bottom row of figures gives the number of animals having the 
weight given directly above. 
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frigerator. The spayed animals were in the refrigerator 34 per cent 
of the total days in the refrigerator before they hibernated whereas 
the controls were in the refrigerator 45 per cent of the total days before 
they hibernated. As the number of females is small and the difference 
not so striking as in the case of the males, these data were not treated 
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statistically. They lend support, however, to the data on the males 
as the results point in the same direction. It is not improbable that 
the increased sexual activity which is apparently in part responsible 
for lack of hibernation in spring is in turn caused by increased activity 
of the anterior pituitary. Work (unpublished) on the relation of this 
gland to hibernation has been in progress at this laboratory since 1926. 


W eight and Hibernation 


As weights were taken before and after each experiment in the 
refrigerator, it was possible to use existing data for a determination 
of the relationship between weight and hibernation. From these data 
the graph in Fig. 1 was made. Thirty-eight heavy animals weighing 
between 146 and 185 grams hibernated 62 per cent of the total days 
in the refrigerator, while 118 light animals weighing between 86 and 
125 grams hibernated only 39 per cent of the total days in the refrig- 
erator. Treated statistically, this is a significant difference (D/PE = 
5.7). The number of days before hibernation took place was only 16 
per cent of the total days in the refrigerator in the case of the heavier 
animals but was 41 per cent in the case of the leaner animals. This 
difference is also significant (D/PE= 8.1). It is to be seen, however, 
that there was not a perfect gradation of per cent of days of hiber- 
nation (Fig. 1) from the lightest to the heaviest animals; thus 43 
animals weighing between 106 and 115 grams (given as 110 grams in 
the graph) hibernated more than another group of 40 animals weighing 
10 grams more, but a predominance of high percentages of days in 
hibernation is found in the heavier groups and there is a predominance 
of high percentages of days before hibernation in the lighter groups. 


SUMMARY 


Controlled experiments performed on large numbers of ground 
squirrels showed that individuals starved or given very limited rations 
went into hibernation sooner and hibernated longer than those receiving 
an abundance of food. Moderately bright illumination with electric 
light did not affect the tendency to hibernate in any way. Confined air 
and precooling the animals nightly both aid in the production of hiber- 
nation. Castration does not influence hibernation except during the 
breeding season in the spring when castrated males hibernate more 
readily than normal males. The few spayed females used also hiber- 
nated more than the normal females in the spring. Obesity is favor- 
able to hibernation. 
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TIME OF DEVELOPMENT OF THE DIFFERENT SEXUAL 
FORMS IN DROSOPHILA MELANOGASTER 


TH. DOBZHANSKY 
CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA 


In the progeny of a triploid female crossed to a normal diploid male 
there appear six different sexual types. These are the diploid females 
and males, triploid females, intersexes, and the two kinds of so-called 
supersexes, namely superfemales and supermales. As shown by Bridges 
(1921, 1922) these sexual types are due to variations in the ratio be- 
tween the number of X-chromosomes and the number of sets of auto- 
somes present in cells of a given individual. According to Bridges 
the different sexual types have the following ratios: 





Number of Number of Sets 


X-chromosomes of Autosomes Ratio 

Superfemale............. 3 2 50 
Diploid female........... 2 2 
Triploid female.......... 3 3 
OS OP re 2 3 
eeu ae eas Se bcin eee 1 2 
1 3 





Most of the characters of the flies change in this series of sexual types 
hand in hand with the change of the sex-determining ratio. There are, 
however, some characters of the flies which seem to be independent of 
the sex-determining ratio. Among such characters may be listed the 
size of the cells, which is correlated with the amount of chromosomal 
material present in their nuclei (Dobzhansky, 1929). Another char- 
acter of this kind is the length of the development period, to the study 
of which the present paper is devoted. 

The length of the development period has been studied previously 
in only the diploid males and females (Bonnier, 1926). According 
to Bonnier, the development of males takes a slightly longer time than 
that of females. At 25° the development of a female takes 227.98 
hours on the average, and the development of a male 232.24 hours. At 
30° the corresponding figures are 178.10 and 187.63 hours. 

The technique of the present study was as follows. Batches of 
from twenty to thirty wild-type triploid females were kept together 
128 
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with an approximately equal number of males for two days to ensure 
fertilization. The flies were then transferred to the ordinary culture- 
bottles provided with a standard amount of food, but without filter- 
paper, which is regularly placed in each culture-bottle. Here the flies 
were allowed to lay eggs during a two-hour period, and after that were 
again transferred to fresh bottles without paper, and again allowed 
to lay eggs during another two-hour period. The above procedure was 
repeated from five to six times with each batch of flies. All the trans- 
fers from bottle to bottle were performed without etherization of the 
flies, because females of Drosophila are known to interrupt the egg- 
laying for several hours after being etherized. The bottles with eggs 
secured by this method were placed in an incubator and kept at 27°. 
As soon as the mature flies began to emerge, bottles were examined 
every two hours. In voung flies the determination of the sexual type 
is sometimes difficult ; in cases of doubt, flies were kept alive until the 
sex could be determined with certainty. Only those bottles which pro- 
duced more than 20 but less than 60 flies were taken into account (the 
average number of flies per bottle was 38.5). All other bottles were 


TABLE I 


Time of Emerging from the Pupe 














‘ee «| Ree | ee | Oe | | Ce ‘ies 
183 1 — — — -- _ 
185 14 2 — -- ~~ = 
187 19 3 2 _ ~ _ 
189 16 4 2 — ~ — 
191 35 6 6 ~ — = 
193 25 3 2 ~ - ~ 
195 23 —~ 5 _— — — 
197 25 2 2 
199 26 — 9 
201 29 5 8 
203 29 2 4 
205 29 7 26 
207 21 6 10 
209 22 11 9 
211 7 7 7 
213 7 6 5 
215 4 1 2 
217 1 — 1 
219 1 — 2 
221 — _ — 

223 _ — ~ 
225 — 
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TaBLe I (Continued) 
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Total 69 107 | 234 17 


discarded, since overcrowding of food with larve might slow down the 
development, especially of the weaker types, and bottles producing too 
few flies usually have the food in poor condition. 

The technique just described gives a reasonable degree of certainty 
that all the flies developed under similar external conditions and that 
the length of the development period of each individual fly is deter- 
mined with an error not exceeding + 1 hour. The material gathered 
in this way is presented in Table I. As seen from this table, 770 flies 
were obtained. Among them there were 44.3 per cent diploid females, 
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9.0 per cent triploid females, 13.9 per cent males, 30.4 per cent inter- 
sexes, 0.3 per cent superfemales and 2.2 per cent supermales. This 
is about the normal frequency of the different sexual types in the 
progeny of triploid females. In another experiment, in which offspring 
were obtained from individual triploid females kept in the bottles until 
their progeny appeared, there were 50.8 per cent diploid females, 6.4 
per cent triploid females, 7.9 per cent males, 32.3 per cent intersexes, 
0.2 per cent superfemales and 2.4 per cent supermales. (The total 
number of flies in this experiment equals 8796 flies ; the average number 
of flies per bottle equals 71.6). 

Consideration of the data presented in Table I shows at once that 
the different sexual types do not develop equally fast. The six known 


TABLE II 


The Length of the Development Period (in hours) of the Different Sexual Types 














Mean Value o Cc n 
Diploid females..........| 199.244 .49 9.12 4.5 341 
Triploid females.......... 203.83 + 1.29 10.72 5.3 69 
MORNE Sots cxe cea ooceaub 205.20 + .98 10.08 4.9 107 
Intersexes...............| 255.764 .82 12.52 4.9 234 
Superfemales............. 251.00 — — 2 
SRUPMOUIIIIS 6. 5s <0 ns cease 272.72 + 3.12 12.90 4.7 17 





types may be divided roughly into two groups. The development of 
the diploid and triploid females and males takes from 185 to 219 hours, 
and only a few individuals require longer than that period. On the 
other hand, intersexes, superfemales and supermales begin to hatch after 
220 hours. That is to say, there exists a short period of time when 
scarcely any flies emerge in the cultures. 

The results of the statistical treatment of the material presented 
in Table I are shown in Table II. The development of the diploid 
females takes the shortest time as compared with other sexual types. 
The development of males takes 5.96 + 1.05 hours longer than that 
of the diploid females. This difference is statistically significant and 
is approximately equal-to that obtained by Bonnier in his experiments. 
The absolute values for the length of the development of diploid females 
and males are also in good agreement with Bonnier’s data (one must, 
of course, take into account that the temperature used in the present 
experiments is intermediate between the two temperatures used by 
Bonnier ). 

The figure obtained for the length of the development of triploid 
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females is intermediate between the figures obtained for diploid females 
and males, but the differences are not statistically significant in either 
case. It may be concluded that the development of the triploid females 
takes approximately as much time as the development of the diploid 
females and males, and far less than the development of the intersexes 
and the supersexes. 

The development-of the intersexes takes 255.76 + .82 hours on the 
average. This figure is unquestionably different from those obtained 
for females and males. Although the figure for the superfemales (251 
hours) is based only on two individuals, it may be taken for certain 
that the length of the development of the superfemales is of the same 
order of magnitude as that of the intersexes and the supermales. This 
has been proved in a different experiment in which superfemales were 
obtained in greater number together with diploid females and males 
(this experiment deals with the progeny of attached-X females crossed 
to normal males). In this experiment superfemales appeared in the 
bottles only in the later counts, when the number of diploid females 
and males hatching in a given interval of time was already declining. 
The length of the development of the supermales (Table II) is sig- 
nificantly greater than that of the intersexes. That is to say, the super- 
males develop more slowly than any of the other sexual types known. 

It may be concluded that the length of time of development does 
not show a correlation with the ratio between the number of X-chromo- 
somes and the number of sets of autosomes, the ratio which is known 
to determine the sexual type. The types studied may be divided into 
two groups: the balanced and the unbalanced types. The balanced 
types are those which have the sex-determining ratio equal to that 
observed in diploid females or males. Beside the diploid females and 
males only the triploid females belong to this group. Their develop- 
ment takes a relatively short time. The unbalanced types are the inter- 
sexes and the supersexes; their development takes a longer time. 


SUMMARY 


1. The different sexual types known in Drosophila are characterized 
by different lengths of their development periods. Diploid females 
develop more quickly and supermales develop more slowly than the 


other sexual types, which are intermediate between these two extremes 
(see Table IT). 


2. There is observed no correlation between the length of develop- 
ment and the sex-determining ratio (i.e., the ratio between the number 
of X-chromosomes and the number of sets of autosomes present in 
the cells of a given individual). 
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